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PREFACE 


This  is  the  seventh  seminar  “New  Trends  in  Research  of  Energetic  Materials”  and  the 
sixth  international  one  in  the  series  organized  by  the  Department  of  Theory  and  Technology 
of  Explosives  (DTTX)  at  the  University  of  Pardubice.  The  original  purpose  of  these 
meetings  was  to  teach  young  research  workers  how  to  present  their  results  in  front  of 
scientific  audience.  With  regard  to  economic  situation  of  the  middle  European  countries, 
Balkan  and  former  Soviet  Union,  no  fee  was  and  is  asked  from  the  participants. 

The  fourth  seminar  in  2001  was  already  conceived  as  a  worldwide  meeting  of  young 
research  workers  and  university  teachers.  The  original  aim  of  these  meetings  was  thus 
complemented  by  not  only  the  exchange  of  findings  and  experience  but  in  particular  making 
friendly  contacts  between  the  members  of  the  beginning  young  generation  of  experts  in  the 
area  of  energetic  materials  coming  from  many  countries  all  over  the  world. 

Starting  with  the  third  seminar,  the  papers  presented  at  these  meetings  are  quoted  in  the 
Chemical  Abstracts.  The  interest  in  these  meetings  has  been  gradually  growing:  the 
development  in  the  attendance  at  the  seminars  can  be  seen  from  the  following  survey: 


Seminar 

Number  of 

No. 

year 

countries 

papers 

participants 

3 

2000 

6 

32 

88 

4 

2001 

11 

41 

106 

5 

2002 

19 

51 

116 

6 

2003 

18 

60 

129 

7 

2004 

20 

84 

ca  150 

One  of  the  decisive  factors  enabling  realization  of  these  seminars  has  been  the  financial 
assistance  of  well-wishers  of  this  activity.  In  the  last  three  years  a  very  significant  financial 
support  has  been  regularly  provided  by  the  European  Office  of  Aerospace  Research  & 
Development  of  the  USAF  in  London,  by  Austin  Detonator  Comp.  (Vsetin),  by  Indet  Safety 
Systems  Comp,  (a  member  of  Nippon  Kayaku  group  in  Vsetin)  and  by  the  Czech  company 
OZM  Ltd.  in  Hrochuv  Tynec.  Almost  traditionally,  some  financial  support  has  been 
provided  by  Dr.  Oldrich  Machacek,  president  of  the  Universal  Tech.  Corporation,  Dallas, 
who  (as  chance  would  have  it)  is  one  of  the  first  PhD  graduates  from  DTTX.  Also  our 
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ON  MATERIALS’  CAPABILITY  TO  DETONATE 


A.N.  Dremin 

Institute  of  Problems  of  Chemical  Physics 
Chernogolovka,  Moscow  Region,  142432,  Russia 


Abstract: 

The  idea  of  how  to  determine  the  composition  of  mixtures  of  liquid  explosives  with  inert 
diluents  and  solutions  of  solid  explosives  in  inert  solvents  which  are  still  capable  to 
detonate  has  been  introduced.  It  has  been  demonstrated  experimentally  with 
nitromethane/acetone  mixtures  and  diethanolnitramindinitrat/acetonitril  solutions  that 
the  most  weak  composition  still  capable  to  detonate  is  that  which  detonation  ’s  CJ 
pressure  is  still  larger  than  the  minimum  shock  pressure  necessary  to  initiate  the 
detonation.  Considerations  have  been  proposed  on  conditions  at  which  so  called  gasless 
detonation  could  be  realized  theoretically. 

Keywords:  detonation,  limit  of  concentration,  gasless  detonation. 


1.  INTRODUCTION 

Detonation  theory  based  on  the  theory  of  shock  waves  was  proposed  by  Michelson  [ 
Chapman  f2'  and  Jouguet  l3,4\  Detonation  wave  was  represented  as  a  shock  wave  with  energy 
release  inside  the  wave  front.  However,  the  Michelson-Chapman- Jouguet  (MCJ) 
hydrodynamic  theory  does  not  take  into  account  explosive’s  decomposition  kinetics.  For  the 
reason  the  theory  is  unable  to  interpret  any  detonation  limits  (initiation,  stability  and 
propagation). 

Appreciable  improvements  of  the  MCJ  theory  have  been  made  by  Grib  |5',  Zeldovich  161 , 
Von  Neuman  [?l  and  Doring  f8'.  The  Grib-Zeldovich-Von  Neuman-Doring  (GZND)  theory  is 
based  on  the  same  premise  as  the  MCJ  theory.  In  both  theories  detonation  is  a  combined 
propagation  of  shock  wave  compression  and  chemical  reaction.  However,  there  is  a 
substational  difference  as  well.  It  is  tacitly  suggested  in  the  MCJ  theory  that  explosive 
compression  and  its  chemical  transformation  into  detonation  products  proceed 
simultaneously  within  the  detonation  wave  shock  front.  And  in  the  GZND  theory  explosive 
does  not  change  chemically  at  all  within  the  wave’s  shock  discontinuity  zone;  it  is  only 
compressed  inside  this  zone.  In  this  case  selfignition  and  combustion  of  the  shock- 
compressed  and  heated  explosive  take  place  in  some  induction  time  behind  the  zone.  In  that 
way  the  GZND  theory  predicted  existence  in  the  front  of  detonation  waves  some  space  of 
increased  pressure  (so  called  chemical  spike),  the  spike’s  pressure  profile  being  presented  of 
a  convex  shape.  Chemical  spikes  were  observed  experimentally  in  the  front  of  detonation 
waves  of  many  explosives  (see,  for  example,  ,9"15').  However,  nobody  has  observed  yet  the 
spike  of  a  convex  shape  as  it  would  have  to  be  according  to  the  GZND  theory;  in  all  cases 
chemical  spikes  of  only  a  concave  downward  profile  were  observed.  Moreover  detonation 
waves  without  any  chemical  spike  have  been  found  (see,  for  example,  f16"18'). 
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The  profile  of  chemical  spikes  of  a  concave  shape  and  especially  detonation  waves 
without  any  chemical  spikes  strongly  testify  in  favour  of  the  explosives’  nonequilibrium 
athermal  decomposition  within  the  shock  front  of  detonation  waves  f19'.  In  this  case  the 
chemical  spike’s  absence  means  the  explosive’s  complete  transformation  into  detonation 
products  within  its  detonation  wave  shock  front f19,201. 

The  concave  shape  of  detonation  waves’  chemical  spike  means  that  the  shock- 
compressed  explosive’s  selfignition  takes  place  at  the  very  top  of  the  chemical  spike.  It  is 
quite  probable  that  it  takes  place  for  the  origin  of  some  critical  concentration  of  active 
particles  due  to  the  explosive  partial  decomposition  within  the  detonation  waves’  shock  front 

[19] 

It  should  be  mentioned  that  the  detonation  front  with  the  foregoing  regularities  of 
explosive’s  energy  release  (so  called  “fast  kinetics”)  is  kinetically  stable  [19'.  On  the  other 
hand  detonation  waves  with  unstable  (pulsating)  fronts  have  been  observed  as  well  f10'.  It 
means  that  the  concentration  of  active  particles  originated  within  their  shock  front  is 
insufficient  for  the  shock-compressed  explosive’s  selfignition.  In  this  case  the  shock- 
compressed  explosive  should  continue  to  be  activated  during  some  additional  time 
(induction  time).  However,  it  is  well-known  that  the  detonation  front  with  such  regularities 
of  explosive’s  energy  release  (so  called  “slow  kinetics”)  is  kinetically  unstable  ,10’ 191 .  The 
instability  manifest  itself  in  the  following.  First,  the  one-dementional  detonation  wave 
chemical  spike  is  broaken  down  and,  second,  the  explosive’s  shock-compressed  layer 
approximately  CJ  pressure  appears  in  the  pulsating  detonation  front.  In  this  case  explosive’s 
transformation  into  detonation  products  proceeds  through  a  numerous  local  adiabatic 
explosions  (LAE)  of  the  shock-compressed  explosive  f19,201. 

It  is  obvious  that  no  material  whatever  can  detonate  if  its  hypothetical  CJ  detonation 
wave’s  maximum  pressure  is  smaller  than  a  critical  (minimum)  shock  pressure  Pcr  necessary 
to  initiate  the  detonation.  Taking  into  account  the  foregoing  the  chemical  spike’s  pressure 
should  be  considered  in  the  capacity  of  the  detonation  maximum  pressure  for  kinetically 
stable  detonation;  and  for  kinetically  unstable  detonation  -  the  wave’s  CJ  pressure. 

2.  DETONATION  LIMITS  ON  CONCENTRATION 

OF  NITROMETHANE/ACETONE  MIXTURE  AND 

DIETH AN OLNITRAMIN  -  DINITRAT/ACETONITRIL  SOLUTION 

2.1  Nitromethane/Acetone  mixture 

In  Table  1  data  on  detonation  parameters  (p0  -  initial  density,  DCj  -  Chapman- Jouguet 
detonation  velocity,  Pcj  -pressure),  critical  (minimum)  pressure  to  initiate  the  detonation  Pcr 
and  the  detonation’s  failure  diameter  df  are  presented  for  some  mixtures  of  nitromethane  and 
acetone  NM/A[10’21]. 
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Table  1.  Parameters  of  detonation  of Nitromethane/ Acetone  mixtures. 


Mixtues 

[Vol.  %] 

P°  3 
[g.cm  ] 

Dcj 

[km.s4] 

Pcj 

[Gpa] 

df 

[mm] 

Pcr 

[Gpa] 

NM 

1.14 

6.3 

13.5 

18 

8 

NM/A  84/16 

1.08 

6.0 

10.9 

80 

8 

NM/A  75/25 

1.05 

5.75 

9.1 

280 

8 

The  same  data  are  shown  in  Fig.l.  One  can  see  that  the  Pcr’s  value  does  not  depend  on 
the  mixtures’  composition  and  equals  to  8  GPa.  And  Pcj  decreases  linearly  with  the  increase 
of  acetone’s  content  in  the  mixtures,  so  that  at  acetone’s  content  more  than  ~  31  Vol  %  the 
value  of  Pcj  of  the  mixtures’  hypothetical  detonation  turns  out  to  be  smaller  than  the  Pcr’s 
value. 
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Fig  1.  Nitromethane/Acetone  mixture.  Dependences  of  the  mixture  detonation’s 
pressure  Pcj,  failure  diameter  df  and  critical  shock  pressure  Pcr  to  initiate 
the  detonations  on  the  mixture’s  composition. 


It  follows  from  the  foregoing,  that  any  mixture’s  detonation  has  to  discontinuate  if  its 
Pcr  is  larger  than  Pcj.  Data  on  the  shock  initiation  of  detonation  of  NM/A  mixtures  of 
acetone’s  contents  of  near  31  Vol  %  clearly  demonstrate  the  statement.  To  substantiate  the 
statement,  at  first,  it  should  be  reminded  that  under  the  effect  of  shock  of  Pcr  intensity 
homogeneous  explosives’  selfignition  originates  always  in  some  induction  time  fl°’ 19,  221 .  It 
follows  that  the  explosive’s  selfignition  should  appear  in  the  front  of  detonation  wave  close 
to  its  limit  on  concentration  also  in  some  induction  time.  However,  as  it  has  been  already 
mentioned,  the  front  of  detonation  of  any  explosive  with  such  regularities  of  energy  release 
is  unstable.  For  this  reason  the  front  of  any  homogenous  explosive’s  detonation  in  the 
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vicinity  of  its  propagation  on  concentration  has  to  be  always  unstable.  Second.  It  should  be 
reminded  also  that  CJ  detonation  of  any  homogeneous  explosive  always  originates  from  its 
strong  detonation  110, 191 .  And  it  has  been  shown  experimentally  that  strong  detonation  turns 
gradually  into  its  CJ  regime  in  all  NM/A  mixtures  if  their  acetone’s  content  is  smaller  than 
31  Vol  %.  During  the  process  of  the  strong  detonation  transition  to  the  CJ  detonation  the 
quantity  of  LAEs  of  the  shock-compressed  mixture  in  the  wave  front  decreases  gradually  to 
some  one  corresponding  to  the  CJ  detonation.  However,  if  acetone’s  content  in  a  NM/A 
mixture  is  larger  than  31  Vol  %  LAEs  disappear  all  over  the  wave’s  front  and  the  detonation 
discontinuates  at  some  stage  of  the  process  of  the  mixture’s  strong  detonation  pressure 
decrease.  It  follows  from  the  foregoing  that  it  takes  place  as  soon  as  the  pressure’s  value 
becomes  smaller  than  the  Pcr’s  value. 

In  accordance  with  the  notion  that  no  material  can  detonate  if  its  hypothetical  detonation 
wave’s  maximum  pressure  is  smaller  than  a  minimum  shock  pressure  necessary  to  initiate 
the  detonation  the  value  of  mixtures’  detonation  failure  diameter  dramatically  increases  with 
the  increase  of  acetone’s  content  in  the  mixtures.  For  example,  the  value  of  detonation 
failure  diameter  for  the  NM/A  75/25  Vol  %  is  as  large  as  280  mm. 

It  should  be  mentioned  that  percentage  of  an  inert  diluent  in  a  mixture  of  a  liquid 
explosive  at  which  the  value  of  failure  diameter  of  the  mixture’s  detonation  tends  to  infinity 
is  bound  to  be  smaller  than  the  diluent’s  percentage  content  in  the  liquid  explosive’s  mixture 
corresponding  to  its  detonation  limit  on  concentration.  Principal  features  of  the  mechanism 
of  liquid  explosive’s  unstable  detonation  failure  diameter  [19,  23,  241  should  be  reminded  to 
substantiate  the  statement.  According  to  the  mechanism  a  break-down  (BD)  of  LAEs  takes 
place  in  the  detonation  wave’s  front  under  the  effect  of  lateral  rarefaction  waves  from  the 
charge’s  open  surface.  The  BD  propagating  over  the  front  1  (see  Fig.  2)  to  the  charge’s  axis 


Fig  2.  Schematic  diagram  of  failure  wave  origin  to  illustrate  failure  diameter  of 
liquid  explosive’s  unstable  detonation. 

1  -  detonation  wave  front,  2  -  the  charge’s  axis, 

3  -  adjoined  shock  wave  with  shock-compressed  explosive,  4  -  behind  its  front, 

5  -  point  of  the  shock-compressed  explosive’s  selfignition  and  detonation  origin, 

0A  -  the  locus  of  the  failure  wave  front’s  motion,  DCJ  -  CJ  detonation  velocity, 

Dp  -  velocity  of  shock-compressed  explosive’s  detonation. 
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2  in  the  form  of  a  failure  wave  results  in  the  origin  of  adjoint  shock  wave  3  with  a  shock- 
compressed  explosive  4  behind  its  front.  At  sufficiently  large  diameter  of  the  charge  the 
shock-compressed  explosive  selfignition  originates  at  some  point  5.  It  leads  to  the 
appearance  of  the  explosive’s  detonation.  In  its  propagation  to  the  charge’s  axis  with  Dp 
velocity  it  overtakes  the  failure  wave  front  and  prevents  the  further  BD  of  LAEs  in  the  basic 
detonation’s  front  1.  In  this  case  the  detonation  front  1  continues  its  motion  along  the 
charge’s  axis  with  its  CJ  velocity.  However,  if  the  shock-compressed  detonation  fails  to 
overcome  the  failure  wave’s  front,  that  is  if  the  failure  waves  have  chance  to  shut  down  the 
whole  cross  section  of  the  charge,  the  charge’s  detonation  will  discontinuate. 

It  follows  from  the  foregoing  that,  on  the  one  hand,  for  selfignition  of  the  shock- 
compressed  explosive  4  (see  Fig.  2)  behind  the  adjoint  shock  wave  front  3,  the  front’s  3 
intensity  PAd  does  not  have  to  be  weaker  than  the  initial  explosive’s  Pcr.  And,  on  the  other 
hand,  it  is  obvious  that  the  adjoint  shock  wave  intensity  is  always  smaller  than  that  of  the 
basic  detonation  wave’s  Pcj.  Just  for  the  reason  the  diluent’s  content  in  the  mixture  which 
detonation  failure  diameter  tends  to  infinity  has  to  be  smaller  than  in  the  mixture  which  is 
close  to  the  limit  of  detonation  on  concentration. 

In  connection  with  the  just  mentioned  finding  some  misunderstanding  can  arise.  Really, 
on  the  one  hand,  it  is  argued  that  a  mixture’s  (or  solvent’s)  detonation  can  not  propagate  as 
its  failure  diameter  tends  to  infinity,  and,  on  the  other  hand,  it  is  added  there  and  then  that 
even  more  weak  mixture’s  of  the  same  components  can  detonate.  One  can  apprehend  it  as 
some  contradiction.  But  the  fact  is  that  there  is  no  here  any  contradictions.  The  matter  is  that 
the  BD  of  LAEs  in  the  front  of  unstable  detonation  waves  under  the  effect  of  lateral 
rarefaction  waves  from  the  charge’  open  surface  governs  the  detonation’s  failure  diameter. 
However,  it  is  possible  to  prevent  the  BD’s  origin  at  all.  It  is  easy  to  do  by  using  for  charges 
some  metal  confinement  of  a  proper  thickness  ,19’  251 .  If  the  BD’s  origin  is  prevented  the 
detonation  can  propagate  along  charges  of  even  far  smaller  diameter  than  its  failure  diameter 
[io,  19, 25]  jn  qps  case  detonation’s  possibility  will  be  governed  by  the  BD  of  LAEs  in  the 
detonation’s  front  under  the  effect  of  rarefaction  waves  not  from  the  charge’s  open  surface 
but  from  the  detonation  wave’s  rear.  As  at  detonation  of  the  failure  diameter  charge  the  basic 
detonation  wave  front’s  intensity  Pcj  is  larger  than  the  detonation’s  Pcr,  it  is  obvious  that  all 
mixtures  which  detonation’s  Pcj  (in  its  dependence  on  concentration)  is  larger  than  the 
detonation’s  Pcr  will  detonate  steadily  in  charges  of  metal  confinement  mentioned  [19,251. 

It  should  be  mentioned  that  the  determination  of  the  limit  of  detonation  on  concentration 
of  liquid  mixtures  and  solutions  through  comparison  of  the  detonation’s  Pcj  and  Pcr  contains 
some  uncertainty.  The  matter  is  that  the  shock-to-detonation  process  depends  not  only  on  the 
shock’s  amplitude  but  also  on  its  pressure’s  time  profile.  The  profile  depends  on  the  active 
charge’s  characteristic  size.  The  values  of  Pcj  and  Pcr  presented  in  Table  1  have  been 
measured  with  the  use  of  charges  of  70  -  80  mm  diameter  and  about  a  100  mm  height.  In 
this  case  it  has  been  shown  that  even  a  slight  change  of  the  initiating  shock  amplitude  leads 
to  a  tremendous  change  of  the  explosives’  selfignition  time.  It  is  obvious  that  it  takes  place 
due  to  the  strong  exponential  dependence  of  explosives’  selfignition  time  on  their  conditions. 
It  follows  from  the  foregoing  that  it  would  need  to  increase  tremendously  the  active  charge’s 
size  to  initiate  the  explosive  with  a  somewhat  weaker  shock.  At  the  same  time  it  means  that 
the  uncertainty  mentioned  above  does  not  have  to  be  significant. 
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2.2 


Diethanolnitramindinitrat/Acetonitril  solution. 


Transparent  solutions  of  solid  diethanolnitramindinitrat  (DINA,  C4H8N3O6,  monocrystal 
density  p0  =  1.67  g/cm  )  in  liquid  acetonitril  (C2H3N,  p0  =  0.783  g/cm  )  have  been 
investigated  in  1261 ,  DINA’s  content  in  the  D/A  solutions  being  varied  from  its  maximum 
value  (68.5  wt  %)  capable  to  be  dissolved  at  room  temperature  till  down  to  its  minimum 
value  (61  wt  %)  at  which  the  solution’s  detonation  was  able  no  longer  to  propagate.  It  has 
been  found  out  that  Pcr’s  value  as  in  the  case  of  NM/A  mixtures  does  not  depend  on  the 
solution’s  composition.  In  this  case  the  value  of  Pcr  is  equal  to  7.4  GPa.  The  CJ  detonation 
velocity  DCj  and  pressure  Pcj  of  the  most  concentrated  solution  (D/A  68.5/31.5  wt  %,  p0  = 
1.20  g/cm  )  turned  out  to  be  equal  to  5.78  km/s  and  8.7  GPa,  correspondingly.  Data  on  the 
initiation  of  detonation  by  the  shock  of  the  Pcr  intensity  clearly  demonstrate  that  strong 
detonations  of  solutions  of  68.5  and  65  wt  %  DINA  content  turn  gradually  into  their  CJ 
detonation  regimes  (see,  for  example,  Fig.  3)  ,26'.  However,  at  61  wt  %  of  DINA’s  content 
(see  Fig.  4)  1261  LAEs  disappear  and  detonation  discontinuates  all  over  the  pulsating  wave’s 
front  at  some  stage  of  the  solution’s  strong  detonation  pressure  decrease.  It  should  be 
mentioned  that  in  this  case  the  shock-compressed  solution’s  detonation  has  not  been 
registered  for  its  faint  luminescence. 


overcompressed  irregularities  of  the  solution  normal 

detonation's  luminescence  detonation  front's  luminescence 


luminescence  of  the  shock- 
compressed  solution's  detonation 


Fig  3.  Schematic  view  of  the  experimental  streak-camera  negative  photogram  of 
D/A  65/35  wt  %  solution’s  detonation  origin  under  the  effect  of  7,4  GPa 
shock  wave. 
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overcompressed  local  adiabatic  thermal  explosions 

detonation's  in  the  front  of  the  discontinuous 

luminescence  pulsating  detonation 

Fig  4.  Schematic  view  of  the  experimental  streak-camera  negative  photogram 
of  D/A  61/39  wt  %  solution’s  initiation  by  the  7,4  GPa  shock  wave. 

As  for  failure  diameter  of  DINA/A  solutions’  detonation,  an  attempt  has  been 
undertaken  to  measure  it  only  for  the  solution  of  maximum  (68.5  wt  %)  DINA’s  content |2?l. 
As  a  result  it  has  been  shown  that  the  value  of  the  detonation  failure  diameter  even  for  this 
most  powerful  solution  is  rather  large  (somewhat  larger  than  150  mm).  It  follows  that  the 
solution  in  its  DINA’s  content  is  close  to  that  one  which  detonation  failure  diameter  tends  to 
infinity. 

3.  ON  THE  PROBABILITY  OF  GASLESS  DETONATION 

Some  ineffective  attempts  (see,  for  example  f28"311)  are  known  to  observe  so  called 
gasless  detonation  (self-propagating  high-temperature  synthesis,  SHS).  On  the  other  hand  a 
large  body  of  research  has  been  performed  in  the  former  Branch  of  the  Institute  of  Chemical 
Physics  on  chemical  reactions  in  condensed  matter  under  the  effect  of  shock  waves.  In 
particular,  phase  formation  in  systems  of  titanium,  zirconium  and  hafnium  oxides  with 
oxides  of  rare-earth  elements  as  well  as  in  the  system  of  germanium  and  silicon  oxides  under 
the  effect  has  been  investigated  in  detail  f32,  331 .  In  this  case  it  was  shown  that  compounds 
(rather  often  in  metastable  forms)  of  the  components  in  recovering  devices  were  originated 
in  the  form  of  well-crystallized  single-crystals.  The  data  made  it  possible  to  propose  the 
overall  mechanism  of  phase  formation  under  the  effect  of  shock  waves.  According  to  the 
mechanism  under  the  effect  of  shock  wave  of  proper  for  each  system  intensity  some  melt  of 
components  and  their  fast  reaction  take  place  simultaneously  within  the  wave’s  front, 
compounds  originated  being  thermodynamically  equilibrium  at  the  front’s  state.  Due  to  the 
extremely  fast  cooling  of  the  melt  behind  the  shock  wave  front  under  the  effect  of  rarefaction 
waves  liquid  compounds  turn  to  be  in  and  crystallize  from  a  highly  overcooled  state.  In  this 
case  those  of  them  which  do  not  exist  in  thermodynamically  equilibrium  form  at  the 
conditions  appearing  after  the  passage  of  rarefaction  waves  crystallize  in  the  form  of 
metastable  compounds. 

Starting  from  the  foregoing  mechanism  and  taking  into  account  the  notion  presented 
above  on  the  capability  of  any  material  (system)  to  detonate  it  is  possible  to  state  conditions 
at  which  gasless  detonation  could  be  realized  theoretically.  To  start  with  the  problem,  first,  it 
is  necessary  to  calculate  (or  to  measure  experimentally)  the  components  mixture’s  shock 
Hugoniot  and  the  intensity  of  shock  wave  Pmt  under  the  effect  of  which  if  only  one  (but 
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better  both)  component  is  in  its  melted  state  under  the  conditions  of  the  shock  compression. 
Second.  It  is  necessary  to  calculate  the  detonation  Hugoniot  of  the  mixture’s  reaction 
products  (on  the  assumption  that  the  reaction  is  complete).  Third.  With  the  use  of  the 
detonation  Hugoniot  as  well  as  the  shock  Hugoniot  of  the  components’  mixture  it  is 
necessary  to  calculate  the  value  of  the  maximum  pressure  Pm  in  the  front  of  the  hypothetical 
detonation  wave.  The  probability  of  the  system’s  detonation  will  be  governed  by  the  relation 
of  the  two  calculated  pressures:  Pm  and  Pmt.  The  probability  will  be  good  if  the  value  of  the 
(P m/P mt) ’ s  relation  is  larger  then  unity.  And  vice  versa,  it  is  obvious  that  the  detonation  will 
be  improbable  at  all  if  the  relation  is  smaller  than  unity. 

4.  CONCLUSION 

The  notion  has  been  stated  and  confirmed  experimentally  that  the  front  of  detonation  of 
any  liquid  explosive  mixtures  with  inert  diluents  as  well  as  solutions  of  any  solid  explosive 
in  inert  solvents  in  the  vicinity  of  the  detonation’s  limit  on  concentration  is  always  unstable, 
pulsating. 

The  experimental  technique  has  been  proposed  to  evaluate  the  explosive’s  minimum 
concentration  in  the  mixtures  and  solutions  which  are  still  capable  to  detonate.  The  technique 
has  its  origin  in  registration  of  the  shock-to -detonation  process  with  the  help  of  high  speed 
streak  cameras.  It  has  been  shown  that  the  minimum  concentration  is  that  below  which  local 
adiabatic  explosions  in  the  front  of  strong  attenuating  detonations  always  originated  during 
the  proces  disappear  and  detonation  discontinuates. 

It  has  been  stated,  on  the  ground  of  the  previously  discovered  mechanism  of  liquid 
explosives  unstable  detonation’s  failure  diameter  f231,  that  the  minimum  explosive’s 
concentration  in  the  mixtures  and  solutions  which  detonation’s  failure  diameter  tends  to 
infinity  is  larger  than  that  at  which  they  are  still  capable  to  detonate  in  principle.  The 
statement  has  been  confirmed  experimentally  for  NM/A’s  mixtures  and  D/A’s  solutions. 

Considerations  have  been  proposed  on  conditions  at  which  so  called  gasless  detonation 
could  be  realized  theoretically. 
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Abstract: 

The  synthesis  of  energetic,  non-nuclear  materials  for  possible  military  application  has 
been  a  long  term  goal  in  our  research  group.  Modern  high-energy-density  materials 
(HEDM)  derive  most  of  their  energy  either  (i)  from  oxidation  of  the  carbon  backbone, 
as  with  traditional  energetic  materials  or  (ii)  from  their  very  high  positive  heat  of 
formation.  Examples  for  the  first  class  are  traditional  explosives  such  as  TNT,  RDX  and 
HMX.  Modern  nitro  compounds  such  as  CL-20,  TEX  or  the  recently  reported  hepta- 
and  octanitrocubanes  possess  very  high  densities  and  have  enhanced  energies  due  to 
substan  tial  cage  strain.  The  most  recent  and  most  exciting  members  of  the  second  class 
of  compounds  are  3,3  ’-azobis(6-amino-l  ,2,4,5-tetrazine)  and  various  salts  which  are 
based  on  the  5,5 '-azotetrazolate  dianion,  which  derive  most  of  their  energy  from  their 
very  high  positive  heats  of  formation.  The  heavy  metal  salts  of  5 ,5  '-azotetrazolate, 
particularly  lead  5, 5' -azotetrazolate  dihydroxide,  have  been  investigated  for  use  as 
initiators.  The  ammonium,  guanidinium  and  triaminoguanidinium  salts  of  5,5'- 
azotetrazolate  were  found  to  be  powerful,  yet  smokeless  gas  generators. 

Since  in  general,  tetrazole  derivatives  are  very  useful  building  blocks  in  the  chemistry  of 
highly  nitrogen-rich  compounds,  in  this  contribution  we  report  on  the  synthesis  and 
characterization  of  several  tetrazole  based  energetic  materials  with  up  to  and  over  90% 
nitrogen. 

The  synthesis,  NMR  spectroscopic  characterization  and  structure  determination  of 
highly  explosive  tetrazole  azide,  a  very  nitrogen-rich  material  (88.3%  N)  is  reported. 
The  computed  electrostatic  potential  suggests  a  pronounced  shock  and  friction 
sensitivity  which  was  confirmed  experimentally.  Quantitative  valence  bond  (VB) 
calculations  were  performed  for  the  most  important  21  VB  structures  in  order  to  obtain 
the  structural  weights  and  to  obtain  an  assessment  for  the  importance  of  the  various 
individual  VB  structures  considered. 

The  synthesis,  reactivity  and  physical  properties  of  new  nitrogen-rich,  highly  energetic 
materials  is  presented. 

Examples  of  nitrogen-rich  compounds  with  up  to  95%  nitrogen  content  by  weight 
include  hydrazinium  azide  hydrazinate,  N2H5+N3  N2H4  (91.5  %o  N)  and 
trintirotriazidobenzene,  C/N 3)/N02)3.  Also  presented  are  new,  highly  energetic 
tetrazole  derivatives  and  derivatives  of  tetrazene. 

The  heats  of  combustion  (AHcomh)  of  dinitrobiuret  (DNB)  and  diaminotetrazole  nitrate 
(HDAT-NO3)  were  determined  experimentally  using  oxygen  bomb  calorimetry: 
AHcomb  (DNB)  =  5195  ±  200  kJ  kg1,  AHcomb  (DA T-NO3)  =  7900  ±  300  LJ  kg1.  The 
standard  heats  of formation  (A  H  °f)  of  DNB  and  HDAT-N03  were  obtained  on  the  basis 
of  quantum  chemical  computations:  AH0/ DNB)  =  -  353  kJ  mob1,  -  1829  kJ  kg'1 ; 
AVI°/HDAT-N03)  =  +  254  kJ  mol'1 ,  +  1558  kJ  kg'1.  The  detonation  velocities  (D)  and 
detonation  pressures  (?)  of  DNB  and  HDAT-N03  were  calculated  semiempiric  ally: 
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D(DNB)  =  8.66  mm  ps1,  V(DNB)  =  33.9  Gpa;  D(DAT-NOs)  =  8.77  mm  ps1,  PffIDA  T- 
N03)  =  33.3  Gpa. 

Integral  to  this  research  are  investigations  concerning  the  explosive  nature  and  safe- 
handling  of  such  compounds.  The  sensitivity  of  the  compounds  towards  heat,  friction 
and  electrostatic  shock  have  been  both  experimentally  (drop  hammer,  steel  sleeve  and 
firing  tests)  and  theoretically  investigated  (calculation  of  electrostatic  potential 
surfaces). 

Possible  applications  for  these  energetic  materials  will  be  highlighted,  in  particular 
with  respect  to  new  detonators  and  rocket  propulsion  systems. 

Keywords:  Azides,  Azotetrazole  compounds,  Dinitrobiuret,  Explosives, 

High  energy  density  materials,  Tetrazole  compounds 


1.  INTRODUCTION 

The  synthesis  of  energetic,  non-nuclear  materials  for  possible  military  application  has 
been  a  long  term  goal  in  our  research  group.  Modern  high-energy-density  materials 
(HEDM)  derive  most  of  their  energy  either  (i)  from  oxidation  of  the  carbon  backbone,  as 
with  traditional  energetic  materials  or  (ii)  from  their  very  high  positive  heat  of  formation. 
Examples  for  the  first  class  are  traditional  explosives  such  as  TNT,  RDX  and  HMX. 
Modern  nitro  compounds  such  as  CL -20  or  the  recently  reported  hepta-  and  octanitrocubanes 
possess  very  high  densities  and  enhance  the  energies  utilizing  substantial  cage  strain.  The 
most  recent  and  most  exciting  member  of  the  second  class  of  compounds  is  3,3’-azobis(6- 
amino-l,2,4,5-tetrazine)  which  shows  the  desired  remarkable  insensitivity  to  electrostatic 
discharge,  friction  and  impact  while  having  a  very  high  heat  of  formation  of  A//°f  =  206  kcal 
mol"1  (936.7  kcal  kg"1).  In  this  contribution  we  report  on  the  synthesis  and  characterization 
of  [N2H5]+2[N4C-N=N-CN4]2  (1),  [N2H5]+2[N4C-N=N-CN4]2'  •  2  H20  (2)  and  [N2H5]+2[N4C- 
N=N-CN4]  '  •  2  N2H4  (3),  which  are  new  members  of  the  second  family  which  derive  most  of 
their  energy  from  their  very  high  positive  heats  of  formation. 
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TNT 


RDX 


HMX 


N  —  N  N — N 


3,3’-azobis(6-amino-l,2,4,5-tetrazine) 

Fig  1.  Structures  of  TNT,  RDX,  HMX,  CL-20,  hepta  and  octanitrocubane, 
3,3’ -azobis  (6-amino- 1 ,2,4,5-tetrazine). 


After  the  first  synthesis  of  5,5'-azotetrazolate  salts  by  Thiele,  who  investigated  some 
alkali,  alkaline  earth  and  heavy  metal  salts  as  well  as  the  [NH4]+,  [N2H6]2+  and  the  [NH3OH]+ 
salts,  the  5,5'-azotetrazolate  dianion  has  often  been  considered  for  practical  use.  Covalent 
1,1 -diphenyl,  1,1 -dimethyl  derivatives  and  several  other  l,r-disubstituted  aromatic 
derivatives  of  5,5'-azotetrazolate  were  studied  by  Stolle  et  al.  The  heats  of  combustion  were 
determined  for  1,1'-  and  2,2 '-dime thy lated  derivatives  of  5,5'-azotetrazolate.  The  heavy 
metal  salts  of  5,5'-azotetrazolate,  particularly  lead  5,5'-azotetrazolate  dihydroxide,  have 
been  investigated  for  use  as  initiators. 

Among  others,  the  guanidinium,  dimethylammonium,  and  semicarbazide  salts  of  5,5'- 
azotetrazolate  were  tested  as  gas  generators  in  combination  with  the  oxidizers  KNO3  and 
KCIO4.  The  ammonium,  guanidinium  and  triamminoguanidinium  salts  of  5,5'- 
azotetrazolate  were  found  to  be  powerful  yet  smokeless  gas  generators.  Compared  to  HMX 
in  composite  propellants  these  compounds  gave  comparable  performance  and  cooler,  less 
reactive  and  less  visible  gases.  5,5'-azotetrazolate  decomposes  in  acidic  medium  under 

2d" 

nitrogen  evolution  to  1-hydrazinotetrazole.  We  therefore  replaced  the  more  acidic  [NotC] 
ion  with  the  more  basic  [N2H5]+  ion. 
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2. 


HYDRAZINIUM  AZOTETRAZOLATE  COMPOUNDS 


[i] 

The  reaction  of  [N2H5]  2[S04]  '  with  barium-5,5 '-azotetrazolate  gave  new  high-energy- 
density  materials  (HEDM)  based  on  the  5,5 '-azotetrazolate  dianion.  The  dihydrazinium  salt 
of  [N4C-N=N-CN4]  "  1,  its  dihydrate  2  and  its  dihydrazinate  3  were  prepared  in  high  yield. 
Synthesis  in  water  afforded  yellow  needles  with  two  coordinated  molecules  of  water: 
[N2H5]2+[N4C-N=N-CN4f  •  2  H20  (2):  monoclinic,  P2/c,  a  =  8.958(2),  b  =  3.6596(7),  c  = 
16.200(3),  (3  =  96.834(3),  V  =  527.3(2)  A3,  Z  =  2;  synthesis  in  anhydrous  hydrazine  gave 
yellow  needles  with  two  coordinated  molecules  of  hydrazine:  [N2H5]2+[N4C-N=N-CN4]2‘  •  2 
N2H4  (3):  triclinic,  P-1,  a  =  4.6208(6),  b  =  8.585(1),  c  =  9.271(1)  A,  a  =  108.486(2),  (3  = 
95.290(2),  y  =  102.991(2)°,  V  =  334.51(8)  A3,  Z  =  1.  The  compounds  were  characterized  by 
elemental  analysis,  vibrational  (IR,  Raman)  and  multinuclear  NMR  spectroscopy  (  H,  C, 
14N,  15N).  The  new  compounds  represent  new  high-nitrogen  HEDMs  with  one  of  the 
highest  nitrogen  contents  reported  to  date  ([N2H5]+2[N4C-N=N-CN4]2‘:  85.2  %; 

[N2H5]+2[N4C-N=N-CN4f  •  2  H20:  73.3  %;  [N2H5]+2[N4C-N=N-CN4]2"  •  2  N2H4:  85.7  %). 
The  standard  heat  of  formation  of  the  solvate  free  compound  1  was  computed  at 
MP2(FULL)/6-311+G(d,p)  level  of  theory  to  be  A7/°f  =  264  kcal  mol"1  which  translates  to 
1147  kcal  kg"1  and  is  one  of  the  highest  ever  reported.  The  compounds  are  stable  at  room 
temperature  (Tdec  =  194  °C  (1),  192  °C  (2)  and  185  °C  (3))  and  are  almost  insensitive  to 
friction  and  impact  but  detonate  violently  when  the  explosion  is  initiated. 
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Fig  2.  Structure  of  [N2H5]+2[N4C-N=N-CN4]2" ,  (1). 
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Fig  3.  Hydrogen  bonds  of  the  azotetrazolate  dianion  of  2  as  ORTEP  plot  (thermal 
ellipsoids  represent  25%  probability). 
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3. 


DINITROBIURET  AND  DI AMIN OTETRAZOLE  NITRATE 


[2] 

We  recently  prepared  and  determined  the  molecular  structures  of  dinitrobiuret  (DNB) 
(Fig.  6)  and  diaminotetrazole  nitrate  (HDAT-NO3)  (Figs.  7,  8).  The  high  chemical  and 
thermal  stability  of  both  compounds  and  the  previously  determined  critical  diameters  of  the 
steel  sleeve  test  of  8  mm  for  HDAT-NO3  and  6  mm  for  DNB  (Figs.  4,  5)  which  are 
comparable  to  the  values  reported  for  F1MX  (8  mm),  RDX  (8  mm)  or  PETN  (6  mm) 
prompted  us  to  obtain  the  thermodynamic  data  and  detonation  pressures  and  velocities  for 
both  compounds  in  a  combined  experimental  and  theoretical  study. 

The  heats  of  combustion  (A//comb.)  of  dinitrobiuret  (DNB)  and  diaminotetrazole  nitrate 
(HDAT-NO3)  were  determined  experimentally  using  oxygen  bomb  calorimetry: 
A//Comb.(DNB)  =  5195  ±  200  kJ  kg'1,  A//comb.(DAT-N03)  =  7900  ±  300  kJ  kg'1.  The  standard 
heats  of  formation  (A//°f)  of  DNB  and  HDAT-NO3  were  obtained  on  the  basis  of  quantum 
chemical  computations  at  the  electron-correlated  ab  initio  MP2  (second  order  Moller-Plesset 
perturbation  theory)  level  of  theory  using  a  correlation  consistent  double-zeta  basis  set  (cc- 
pV-DZ):  A//°f(DNB)  =  -  353  kJ  mol'1,  -  1829  kJ  kg'1;  A/T^HDAT-NCb)  =  +  254  kJ  mol'1, 
+  1558  kJ  kg'1.  The  detonation  velocities  ( D )  and  detonation  pressures  (P)  of  DNB  and 
HDAT-NO3  were  calculated  using  the  empirical  equations  by  Kamlet  and  Jacobs:  Z)(DNB)  = 
8.66  mm  ps'1,  P{ DNB)  =  33.9  GPa;  D(DAT-N03)  =  8.77  mm  ps'1,  R(HDAT-N03)  =  33.3 
GPa. 

From  this  combined  experimental  and  theoretical  study  the  following  conclusions  could 
be  drawn: 

(i)  Dinitrobiuret  (DNB)  and  diaminotetrazole  nitrate  (HDAT-NO3)  are  very 
powerful  and  promising  new  explosives. 

(ii)  Whereas  DNB  has  a  slightly  positive  oxygen  balance  (+4.1%),  the  oxygen 
balance  of  HDAT-NO3  is  negative  (-29.4%). 

(iii)  Both  compounds  show  detonation  velocities  and  detonation  pressures  similar  to 
well  established  energetic  materials  such  as  PETN,  RDX  or  HMX. 


t  =  0 
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Fig  4. 


Fig  5. 


t  =  4.0  s 

Steel  sleeve  test  of  DNB  (10  g,  6  mm). 


Steel  sleeve  test  of  DNB  (10  g,  6  mm); 
before  (left)  and  after  test  (right). 
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Fig  6.  Molecular  structure  of  DNB  in  the  crystalline  state. 
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DNB 


Fig  7.  Ab  initio  (MP2/cc-pVDZ)  computed  molecular  structures  of  DAT,  DATH+ 
and  DNB. 
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Fig  8.  Molecular  structure  of  HDAT-NO3  in  the  crystalline  state, 
View  along  the  [010]  axis. 


4.  SYNTHESIS,  STRUCTURE  AND  MO  CALCULATIONS 
FOR  TETRAZOLE  AZIDE,  CHN7  [3] 

Modem  high-energy-density  materials  (HEDM)  derive  most  of  their  energy  either  (i) 
from  oxidation  of  the  carbon  backbone,  as  with  traditional  energetic  materials  or  (ii)  from 
their  very  high  positive  heat  of  formation.  Examples  for  the  first  class  are  traditional 
explosives  such  as  TNT,  RDX  and  HMX.  Modem  nitro  compounds  such  as  CL-20,  TEX  or 
the  recently  reported  hepta-  and  octanitrocubanes  possess  very  high  densities  and  have 
enhanced  energies  due  to  substantial  cage  strain.  The  most  recent  and  most  exciting 
members  of  the  second  class  of  compounds  are  3,3’-azobis(6-amino-l,2,4,5-tetrazine)  and 
various  salts  which  are  based  on  the  5,5'-azotetrazolate  dianion,  which  derive  most  of  their 
energy  from  their  very  high  positive  heats  of  formation.  The  heavy  metal  salts  of  5,5'- 
azotetrazolate,  particularly  lead  5,5'-azotetrazolate  dihydroxide,  have  been  investigated  for 
use  as  initiators.  The  ammonium,  guanidinium  and  triaminoguanidinium  salts  of  5,5'- 
azotetrazolate  were  found  to  be  powerful,  yet  smokeless  gas  generators. 

Since  in  general,  tetrazole  derivatives  are  very  useful  building  blocks  in  the  chemistry  of 
highly  nitrogen-rich  compounds,  in  this  contribution  we  report  on  the  synthesis  and 
characterization  of  another  tetrazole  based  highly  energetic  material,  namely  tetrazole  azide, 
CHN7,  which  has  a  very  high  nitrogen  content  of  over  88%. 

The  synthesis,  NMR  spectroscopic  characterization  and  structure  determination  of 
highly  explosive  tetrazole  azide,  a  very  nitrogen-rich  material  (88.3%  N)  is  reported. 
Tetrazole  azide  was  prepared  in  high  yield  from  the  diazotation  reaction  of  aminotetrazole, 
followed  by  treatment  of  the  formed  diazonium  salt  with  sodium  azide.  Synthesis  in 
diethylether/methanol  and  recrystallization  from  diethylether  afforded  colorless  cubes:  CHN7 
(4):  monoclinic,  PI  2,/n,,  a  =  1346.6(5),  b  =  499.6(2),  c  =  1360.9(5)  pm,^  =  105.14(1)°,  V  = 
0.884(2)  nm  ,  Z  =  8,  p  =  1.670  g  cm"  .  The  observed  structural  parameters  (X-ray)  are  in 
good  accordance  with  the  results  from  molecular  orbital  (MO)  calculations.  The  computed 
electrostatic  potential  (B3LYP)  suggests  a  pronounced  shock  and  friction  sensitivity  which 
was  confirmed  experimentally. 
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CHN4-NH2  +  HNO2  +  HC1  ->  [CHN4-N2]+[C1]'  +  2  H20  (1) 

[CHN4-N2]+[C1]'  +  NaN3  ->  CHN4-N3  +  N2  +  NaCl  (2) 

(4) 

Recrystallization  of  the  crude  product  from  anhydrous  diethylether  yielded  colorless 
crystals  in  65%  yield. 


Fig  9.  Molecular  structure  of  tetrazole  azide,  CHN7  (4)  as  ORTEP  plot. 

The  14N  NMR  spectrum  clearly  indicated  that  the  material  (4)  was  pure  and  no 
impurities  originating  from  the  starting  material  (aminotetrazole),  the  diazonium  salt  or 
sodium  azide  were  detected.  In  the  14N  NMR  spectrum,  compound  4  shows  in  addition  to 
the  two  tetrazole  resonances  at  -27  (Na)  and  -4  ppm  (Np)  three  resonances  typical  for  a 
covalent  azide  at  -253  (Na),  -135  (Np)  and  -144  (Ny)  ppm  (rel.  to  CH3-N02). 

In  order  to  get  an  appreciation  for  the  initial  decomposition  behavior  of  tetrazole  azide 
(4),  three  initial  dissociation  pathways  were  calculated  at  B3LYP/6-31G(d,p)  level  of  theory 
(Fig.  10).  In  the  first  possible  dissociation  step,  a  N2  molecule  is  given  off  from  the  azide 
group  in  a  symmetry-allowed  process.  If  the  symmetry  is  constrained  to  Cs,  an  endothermic 
(188  kJ  mol"1)  dissociation  occurs  into  N2  and  tetrazole  nitrene  (Fig.  10,  eq.  3a).  If  a 
breaking  of  the  symmetry  to  C 1  is  allowed,  the  dissociation  occurs  through  an  activation 
energy  barrier  ( E\  =  159  kJ  mol"1;  changing  the  symmetry  from  Cs  to  Ci)  yielding  N=C- 
N(H)-N  nitrene  (singlet  state)  and  two  equivalents  of  N2  (eq.  3b).  In  a  third  possible 
mechanism  (retro  2+3  dipolar  cycloaddition  reaction,  Cs  symmetry),  compound  4  dissociates 
again  through  an  activation  barrier  ( Ea  =  234  kJ  mol"1)  into  hydrogen  azide,  HN3,  and 
cyanogen  azide  (eq.  4).  From  the  B3LYP/6-3  lG(d,p)  computed  total  energies  of  4,  HN3  and 
NC-N3  it  can  be  concluded  that  reaction  (4)  is  energetically  unfavorable  by  A£el  =  139  kJ 
mol"1.  On  the  other  hand,  reaction  (3b)  is  thermodynamically  favorable  by  A£cl  =  -56  kJ 
mol"1.  From  the  computational  results  shown  in  Fig.  10,  it  can  be  seen  that  both  the 
dissociation  of  1  into  two  equivalents  of  N2  and  N=C-N(H)-N  (eq.  3)  and  the  dissociation  of 
4  into  HN3  and  NC-N3  (eq.  4)  are  kinetically  both  possible. 
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■a — eq.  (3a) 
eq.  (4) 
o  -  -  eg.  (3b) 


Fig  10.  Two-dimensional  energy  hypersurface  (B3LYP/6-31G(d,p))  showing 
the  dissociation  of  4  into  N2  and  CHN4-N  (Cs,  eq.  3a, 
the  dissociation  of  4  into  2  N2  and  N=C-N(H)-N  (Ci,  eq.  3b,  -o-) 
and  the  dissociation  of  4  into  HN3  and  NC-N3  (eq.  4, 
x-direction:  distances  in  pm,  y-direction:  rel.  energy  in  kJ  mol"1.)) 


chn4-n3 

chn4-n  +  n2 

Cs  symmetry 

(3a) 

chn4-n3 

N=C-N(H)-N  +  2N2 

Ci  symmetry 

(3b) 

chn4-n3 

nc-n3  +  hn3 

Cs  symmetry 

(4) 

It  has  recently  been  found  by  Politzer  et  al.  and  extensively  used  by  Rice  et  al.  that  the 
pattern  of  the  computed  electrostatic  potential  (eq.  5)  on  the  surface  of  a  molecule  can  in 
general,  be  related  to  the  sensitivity  of  the  bulk  material.  The  electrostatic  potential  at  any 
point  r,  is  given  by  eq.  (5),  in  which  ZA  is  the  charge  on  nucleus  A,  located  at  RA. 

V(r)  =  I  {ZA  /  (|Ra  -  r|)}  -  J  (p(r’)  dr’)  /  (|r’  -  r|)  (5) 

While  in  many  energetic  systems  the  regions  of  positive  potential  are  almost  always 
larger  in  area,  they  are  also  stronger  (in  terms  of  average  magnitudes)  than  the  negative 
areas,  in  contrast  to  the  situation  in  usual  non-energetic  organic  compounds.  This  atypical 
contrast  between  stronger  positive  regions  and  weaker  negative  ones  can  be  related  to  the 
impact  sensitivities. 

Typically,  for  organic  molecules  in  general,  the  negative  regions  cover  a  smaller  portion 
of  the  total  surface  area  but  are  significantly  stronger  (in  terms  of  average  magnitudes)  than 
the  positive  ones.  On  the  other  hand,  in  the  case  of  energetic  molecules,  the  positive  regions 
are  still  larger  but  now  also  stronger  in  magnitude  than  the  negative.  Politzer  et  al.  were  able 
to  show  that  impact  sensitivities  can  be  expressed  as  a  function  of  the  extent  of  this 
anomalous  reversal  of  the  strengths  of  the  positive  and  negative  surface  potentials.  Figure  1 1 
shows  the  calculated  electrostatic  potentials  of  tetrazole  azide  (4)  and  of  aminotetrazole, 
methylamino  tetrazole  and  phenyltetrazole  azide  for  comparison.  Comparing 
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methylaminotetrazole  with  the  more  impact  sensitive  aminotetrazole  and  the  extremely 
sensitive  tetrazole  azide  (Fig.  1 1),  the  most  obvious  feature  of  the  ESPs  in  Fig.  1 1  appears  in 
the  region  over  the  aromatic  CN4  ring.  Molecules  that  are  more  sensitive  to  impact  have  a 
larger  electron  deficiency  in  this  region  than  molecules  that  are  less  sensitive.  There  also 
appears  to  be  some  deficiency  of  electron  density  over  the  C-N  bonding  regions,  as  observed 
by  Rice  and  Murray  et  al.  Additionally,  it  seems  that  the  less  evenly  the  electron  density  is 
distributed  over  the  surface  of  the  molecule  (excluding  extrema  of  charge  localized  over 
atoms  of  the  electron-donating  or  electron-withdrawing  substituents)  the  more  sensitive  the 
molecule.  For  phenyltetrazole  azide  (Fig.  11)  the  electron  density  seems  to  be  distributed 
more  evenly  over  the  surface  of  the  molecule  than  is  the  case  for  the  unsubstituted  tetrazole 
azide.  This  would  account  for  a  lower  impact  sensitivity  of  phenyltetrazole  azide  in 
comparison  with  tetrazole  azide. 


+  0.070 


Fig  11.  Electrostatic  potential  of  tetrazole  azide  (4)  (top  left),  aminotetrazole 

(top  right),  methylaminotetrazole  (bottom  left)  and  phenyltetrazole  azide. 
Legends  for  the  color  ranges  of  the  ESPs  are  given  above  (top  left  comer) 
and  range  from  -0.07  to  +0.07  hartrees  (a.u.);  element  colors: 

H  -  red,  carbon  -  black,  nitrogen  -  green. 

In  order  to  calculate  the  heat  of  detonation  (Q),  and  the  standard  heat  of  formation 
(AH°f),  the  reaction  energy  for  reaction  6  was  calculated  ab  initio  at  B3LYP/6-3  lG(d,p)  level 
of  theory. 
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(6) 


CHN4-N3  (g)  3N2(g)  +  HCN(g) 

(4) 

From  the  computed  total  energies,  (4,  and  N2  see  Tab.  2;  HCN  -93.424581  a.u.,  zpe  =  43 
kJ  mol"1)  the  electronic  reaction  energy  A E^(6)  was  calculated  to  be: 

AEel(6)  =  -407  kJ  mol"1. 

After  corrections  for  the  zero  point  energies,  the  work  term  (pAV  =  3  RT),  the 
translational  energy  (AU11  =  4.5  RT)  and  the  rotational  energy  (AU10t  =  2.5  RT)  this  value 
was  converted  into  the  reaction  enthalpy  AH°(6)  at  room  temperature. 

AH0  (6)  =  -427  kJ  mol-1. 

With  an  estimated  heat  of  sublimation  for  tetrazole  azide  (4)  of  AHsub.(4)  =  105  kJ  mol"1 
and  the  heat  of  vaporization  for  HCN  of  AHvap.  (HCN)  =  26  kJ  mol'1  (AH°f(HCN(g))  =  + 
135  kJ  mol"1)  the  standard  enthalpy  of  formation  of  4  (AH°f(4))  and  the  heat  of  detonation 
(Q)  for  4  according  to  eq.  (7)  can  be  stated  as: 

AH°f(4)  =  +  458  kJ  mol'1  =  +4121kJkg"1. 

CHN4-N3  (s)  ^  3  N2  (g)  +  HCN  (g)  (7) 

(4) 

Q  (4)  =  -  323  kJ  mol"1  =  -2905kJkg"1. 

In  order  to  assess  more  quantitatively  the  expected  detonation  properties  of  compound  4, 
we  calculated  the  expected  detonation  pressure  ( P )  and  detonation  velocity  (D)  using  the 
semi-empirical  equations  suggested  by  Kamlet  and  Jacobs  (eq.  8  and  9). 

P  [10s  Pa]  =  K  p2 3 *  (p  (8) 

with:  K  =  15.58;  p  density  in  g  cm" 

®  =  0.49  N  M° 5  Q° 5  with  :  N  =  moles  of  gas  per  g  of  explosive; 

M  =  g  of  gas  per  mol  of  gas; 

Q  =  estimated  or  guessed  heat  of 
detonation  (cf.  eq.  7)  (in  kJ  kg"1) 

D  [mm  ps"1]  =  A  (p05  (1+Bp)  (9) 

with:  A  =  1.01;  B  =  1.30 

For  compound  4  we  calculated  a  detonation  pressure  of  P  =  21.7  GPa  and  a  detonation 
velocity  of  7.16  mm  ps"1  (7160  ms"1),  which  compares  nicely  with  nitroglycerine 
(7600  m.s"1).” 
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Abstract: 

The  occurrence  of  major  accidents  in  the  chemical  process  industry  has  over  the  years 
stimulated  world  wide  safety  thinking.  This  resulted  also  rather  recently  in  interesting 
new  concepts  in  the  approach  to  design  and  the  control  of  operation  of  processes  with 
hazardous  materials.  A  practical  concept  applicable  in  many  situations  is  the  layer  of 
protection  analysis.  This  kind  of  top  down  barrier  thinking  encompasses  both  technical 
and  organisational  measures  and  is  very  suited  for  risk  con  trol  both  in  the  laboratory 
and  in  the  case  of  industrial  installations.  It  involves  the  user  and  his  management  and 
can  optimise  cost-benefit.  It  can  be  used  in  new  design,  but  also  for  installations  that 
have  been  operated  already  for  years.  Thinking  starts  of  course  with  the  question  what 
are  the  risks  and  can  these  be  prevented.  The  inherent  safer  approach  offers  a  number 
of  check  list  items  which  can  be  checked  off.  Improvements  can  semi- quantitatively  be 
measured  by  indexing.  Of  course  with  energetic  materials  inherent  safer  working  has  its 
limitations,  but  sometimes  by  selecting  different  solvents,  other  installation  lay-out  etc. 
considerable  improvements  can  be  made.  Subsequently  independent  layers  of  protection 
are  defined.  Independence  is  not  easy  to  realise,  but  is  a  crucial  condition.  In  a  second 
part  specific  hazards  of  energetic  materials  are  highlighted  .This  is  covering  the 
initiation  and  explosion  severity  of  energetic  materials  themselves,  the  process  run¬ 
away  risk  when  manufacturing  them  and  the  health  hazards  solvents  may  present. 

Keywords:  hazards  and  risks,  process  safety,  layers  of  protection, 

energetic  materials 


1.  INTRODUCTION 

The  activity  of  making  new  energetic  materials  is  a  challenging  one  and  requires  much 
dedication  and  persistence.  One  that  survived  the  first  trials  without  too  many  scars  is 
however  concerned  about  safety.  Safety  in  synthesizing  on  small  scale  is  relatively  simple  in 
the  sense  that  quantities  involved  are  usually  small  and  where  effects  of  a  mishap  always 
decrease  in  intensity  with  range,  they  are  brought  to  small  proportion  over  relatively  small 
distance.  In  manufacturing  things  may  be  different  and  many  plants  have  been  already 
blasted  by  their  own  product.  However  mastership  is  craftsmanship:  When  one  understands 
the  safety  first  principle,  one  will  master  the  situation  more  easily,  which  will  translate  in 
better  product.  Safety  is  not  a  matter  of  signing  forms  or  proving  a  point  to  safety 
committees  which  do  not  have  the  expertise  to  judge  a  situation! 
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2. 


HAZARDS  AND  RISKS  IN  GENERAL 


2.1  Definitions 

When  talking  about  safety,  first  a  few  unavoidable  definitions  have  to  be  given  in  a 
language  as  simple  as  possible.  It  is  necessary  since  the  English  language  contains  the  words 
hazard,  danger  and  risk,  while  most  other  languages  only  have  danger  and  risk.  Here  the 
words  will  be  used  in  the  following  context. 

Hazard  is  a  potential  of  a  physical,  often  energetic  phenomenon  or  a  material  in  contact 
to  do  harm  to  people  or  the  environment.  The  potential  can  break  loose  in  a  certain  situation. 
Such  a  situation  presents  a  danger.  When  having  such  a  dangerous  situation  there  is  a  risk. 
Risk  has  two  elements,  the  chance  or  probability  it  will  occur  and  the  effect  or  the 
consequence  when  it  happens. 

A  hazard  manifests  itself  in  an  accident  situation.  Therefore  we  should  consider  an 
accident  situation  as  it  can  occur  in  an  environment  of  a  laboratory  or  process  plant.  In 
Figure  1  we  see  the  elements  of  an  accident  situation  with  a  cause-consequence  pair.  A 
contained  material  with  hazardous  properties,  e.g.  a  flammable  liquid  constitutes  the 
potential  leading  to  the  consequence.  Somewhere  a  trigger,  e.g.  overpressure,  is  present  that 
initiates  a  fracture  of  the  tank  and  causes  loss  of  containment.  The  trigger  may  be  hold  back 
by  a  barrier,  because  the  tank  wall  remains  strong  as  it  is  well  preserved  by  paint.  Over  the 
years  the  preservation  may  degrade,  corrosion  starts  to  do  its  work  and  all  of  a  sudden,  e.g. 
in  a  filling  operation,  the  tank  bursts  open.  This  is  the  enabling  condition  and  event.  The 
physical  effects  can  produce  damage  to  exposed  “targets”  or  “responsive  subjects”  like 
people,  property  and  other.  Often  the  physical  effects  are  retained  or  mitigated  by  safeguards 
or  layers  of  protection.  These  may  be  physical,  hence  technical,  or  procedural.  The  whole 
setting  of  an  accident  is  called  the  scenario.  The  model  can  be  called  a  hazard-barrier-target 
or  HBT-model [1'. 


Mitigative 

barrier 


Fig  1.  Elements  in  an  accident  situation:  potential, 
trigger  and  various  types  of  barriers,  which  form 
together  a  scenario;  LOP  stands  for  Layer  of 
Protection.  The  enabling  condition  can  be  built 
up  itself  as  a  cause-consequence  chain  with 
barriers. 


In  case  of  explosive  material 
the  trigger  can  be  often  of  some 
thermal  nature:  hot  spot  ignition 
by  spark,  friction,  impact  etc. 
We  shall  see  this  in  the  next 
chapter  in  more  detail. 

So  far  the  problem  is  simple. 
The  treacherous  point  is  the 
enabling  condition  that  takes  the 
preventive  barrier  away  and 
triggers  the  initiating  action.  In 
fact  there  may  be  an  underlying 
recursive  mechanism  active, 
which  can  be  seen  as  a  series  of 
other  HBT  chains,  in  which  each 
“hazard”  attacks  a  barrier  as  its 
“target”.  The  enabling  condition 
can  therefore  be  quite  complex 
to  unravel,  also  because  the  time 


of  failing  of  underlying  barriers  need  not  to  be  close  to  the  moment  of  the  accident,  but  can 
have  taken  place  in  the  past.  Also  not  all  barriers  are  physical,  they  may  be  procedural. 
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Sometimes  decisions  by  designers  or  management  of  twenty  years  ago  may  lead  to  a  failing 
underlying  barrier,  which  in  the  end  causes  an  accident.  Systematic  approaches  have  been 
developed  to  try  to  surface  these  mechanisms  such  as  MORT:  Management  Oversight  and 
Risk  Tree  '2'. 

2.2  Hazard  and  risk  assessment 

When  having  a  set-up  either  on  bench  scale  or  as  a  large  scale  plant  the  question  will 
come  up:  “How  safe  is  safe  enough”.  In  very  brief  statements  some  general  experience  in 
trying  to  answer  that  question  will  be  given. 


1.  Hazard  3.  Quantification  of  5.  Risk  reduction 


Fig  2.  Risk  assessment  scheme,  starting  with  identification. 

The  scheme  does  not  need  to  be  quantified,  but  it  certainly  sharpens  the  mind 
if  an  attempt  is  undertaken. 


First  is  the  notion  of  a  formal  risk  assessment.  In  Figure  2  the  stages  of  an  analysis  are 
shown.  Essential  is  the  first  step  of  identification  of  the  source  hazards  and  the  scenarios  in 
which  risks  occur.  This  is  highly  decisive  for  the  success  of  the  assessment.  The  human  mind 
does  not  like  to  think  what  can  go  wrong.  One  is  focused  on  the  result  of  the  work. 

By  making  an  inventory  of  all  substances  involved,  retrieving  from  literature  (e.g.  Sax13', 
http://hazard.com/msds/,  and  Bretherick'4')  information  on  their  properties  and  given  their 
quantity,  the  potential  can  be  estimated.  To  further  stimulate  the  thinking  various  tools  have 
been  developed.  The  most  known  ones  are  Index  methods  and  HAZOP.  An  index  method 
like  the  Dow  Fire  &  Explosion  Index15'  is  in  the  chemical  industry  very  common  and 
provides  in  simple  calculation  on  the  basis  of  the  materials  involved  an  impression  of  the 
risk  level  of  the  operation.  Hazard  &  Operability'6'  is  a  qualitative  approach  by  a  team  of 
experts  of  different  disciplines  under  experienced  chairmanship.  It  tries  to  identify  the 
hazards  and  it  examines  the  operability  of  the  process,  whether  it  is  difficult  to  control  or  not. 
The  team  examines  a  set-up  by  generating  questions  about  it  in  a  systematic  manner.  For  this 
purpose  a  number  of  " guide-words "  are  used  that  question  the  effect  on  process  behaviour  of 
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a  deviation  of  a  process  parameter  from  the  design  intention.  Commonly  used  guide-words 
are  given  in  Table  1.  Process  parameters  can  be  chosen  from  a  wide  variety,  but  the  first  five 
of  the  set  mentioned  here  are  the  most  frequently  used:  Flow,  pressure,  temperature,  mixing, 
stirring,  control,  pH,  level,  sequence,  viscosity,  signal,  reaction,  start/stop,  composition, 
addition,  separation,  services,  operate,  maintain,  time,  communication.  Meaningful 
combinations  are  shown  in  Table  2. 

Table  1.  Standard  guide-words  and  their  generic  meanings. 


Guide-word 

Meaning 

No  (not,  none) 

None  of  the  design  intent  is  achieved 

More  (more  of,  higher) 

Quantitative  increase  in  a  parameter 

Less  (less  of,  lower) 

Quantitative  decrease  in  a  parameter 

As  well  as  (more  than) 

An  additional  activity  occurs 

Part  of  achieved 

Only  some  of  the  design  intention  is 

Reverse  intention  occurs 

Logical  opposite  of  the  design 

Other  than  (other) 
activity  takes  place 

Complete  substitution  -  another 

Table  2.  Examples  of  meaningful  combinations  of parameters  and  guide-words. 


Parameter 

combination 

Guide-words  that  can  give  a  meaningful 

Flow 

None;  more  of;  less  of;  reverse;  elsewhere;  as  well  as 

Temperature 

Higher;  lower 

Pressure 

Higher;  lower,  reverse 

Level 

Higher;  lower;  none 

Mixing 

Less;  more;  none 

Reaction 

Higher  (rate  of);  lower  (rate  of);  none;  reverse; 
as  well  as/other  than;  part  of 

Phase 

Other;  reverse;  as  well  as 

Composition 

Part  of;  as  well  as 

Communication 

None;  part  of;  more  of;  less  of;  other,  as  well  as 

When  producing  chemicals  this  technique  is  very  useful.  It  has  proven  itself  all  over  the 
world.  Not  only  the  hazard  presented  by  an  explosive,  will  be  considered,  but  also  that  by  the 
solvents,  the  cooling  medium  etc.  The  activity  is  however  tedious  and  labor  intensive. 

Other  sources  of  information  of  what  can  go  wrong  are  colleagues  and  data  bases  telling 
you  what  happened  to  others.  The  explosives  industry  branch  has  already  many  years  a  co¬ 
operative  exchange  of  information.  In  the  process  industry  it  became  a  culture  to  investigate 
not  only  accidents  to  reveal  the  most  hidden  combination  of  causes,  but  also  to  look  at  near 
misses  quite  profoundly  to  identify  root  causes.  This  developed  for  continuous  processes  to 
monitoring  all  process  deviations  and  malfunctioning  of  equipment.  This  appeared  to  be  a 
rich  source  of  identifying  potential  precursors  of  more  serious  incidents.  At  the  same  time  it 
helps  to  save  costs  by  eliminating  future  process  interruption. 

Although  quantification  is  not  an  always  necessary  step,  it  is  useful  to  try  it. 
Consequences  are  in  itself  probabilistic:  In  other  words  in  making  an  estimate  of  a  person 
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getting  killed  or  injured  by  some  effect  from  the  threatening  source,  the  outcome  is  a  chance. 
Given  the  intensity  of  a  load  such  as  fire  radiation,  blast  overpressure,  or  toxic  concentration, 
at  the  location  of  the  exposed  person  a  probit  relation  will  predict  the  probability  of  fatality 
or  injury.  The  same  holds  for  the  fire  and  blast  load  on  structures,  see  e.g.  the  Green  Book17'. 
With  respect  to  failure  frequency  matters  are  more  complex.  Yet  for  an  overall  risk  analysis 
an  estimate  of  failure  probability  is  essential.  Fault  tree  analysis  may  help. 

2.3  Risk  reduction 

The  thinking  about  risk  reduction  shall  be  hierarchical  as  is  schematically  shown  in 
Figure  3.  It  means  that  when  the  hazards  are  identified,  one  should  try  to  eliminate  these  all 
together  in  the  first  place.  If  one  is  free  to  choose,  as  at  the  initial  stage  of  design,  it  is  often 
very  valuable  to  rethink  the  process  and  the  chemical  substances  involved.  This  is  in  order  to 
eliminate  risks  either  by  the  course  of  the  reaction,  by  the  conditions  applied  or  by  the 
properties  of  intermediates,  solvents  etc.  This  concerns  too  preparatory  steps  and  product 
refinement  steps.  The  last  few  years  much  has  been  written  about  making  processes 
inherently  safer  and  cleaner. 

Improvement  is  not  only  possible  at  plant  level  for  new  and  renovated  plants,  but  also  at 
equipment  level.  By  good  design  a  number  of  hazards  occurring  in  rotating  equipment  like  in 
pumps  can  be  avoided  or  minimised.  This  pertains  to  avoiding  contamination,  leakage, 
inclusion  of  air  in  liquids,  local  overheating  and  such  like.  So,  technical  equipment  safety 
and  integrity  contributes  much  to  safer  and  cleaner  production. 

The  concept  of  minimizing  hazards  or  fostering  inherent  safety  was  strongly  promoted 
by  Trevor  Kletz,8a'd|  starting  already  in  the  1980s.  The  eleven  principles  for  making 
processes  inherently  safer  are  given  in  Table  3. 

Intensification  or  minimisation  means  creating  conditions  by  which  reaction  or  other 
operations  like  centrifuging  or  extraction  go  faster,  so  that  volumes  involved  to  produce  a 
certain  amount  of  product  per  unit  of  time  are  smaller  and  as  a  net  result  the  hazard  is  much 
lower.  It  also  means  a  tendency  toward  replacing  batch  processes  by  continuous  ones,  since 
the  latter  can  be  operated  economically  with  a  much  smaller  reaction  volume.  A  known  old 
example  of  this  is  the  manufacture  of  nitro -glycerine. 

Table  3.  Principles  of  Inherent  Safety  f8a'dl 


1. 

Intensification 

5. 

Simplification  (change  early-on) 

9. 

Tolerance 

2. 

Substitution 

6. 

Avoiding  knock-on  effects 

10. 

Ease  of  Con  trol 

3. 

Attenuation 

7. 

Making  incorrect  assembly 

11 

Ease  of  Administrative 

4. 

Limitation  of  effects 

8. 

impossible 

Make  Status  Clear 

Controls  /Procedures 

Substitution  is  replacing  in  a  process,  hazardous  materials  by  less  risky  ones.  This  can 
pertain  to  solvents  like  water  based  paints  versus  products  on  the  basis  or  organic  solvents, 
but  it  can  also  mean  that  the  whole  chemistry  of  a  process  is  changed. 

Attenuation  or  moderation  means  using  materials  with  hazardous  properties  under 
conditions,  which  make  them  less  hazardous,  e.g.  in  dilution  (sulfuric  acid  in  stead  of  oleum) 
or  “packaged”  in  porous  grains  or  cryogenic  in  stead  of  under  pressure  as  propene.  This 
should  of  course  not  be  in  conflict  with  the  principle  of  intensification.  Limitation  of  effects 
is  also  brought  under  moderation:  It  comprises  the  kind  of  measures  that  come  under  the 
heading  of  passive  protection  as  placing  walls  and  dikes  as  well  as  isolation  by  siting,  which 
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means  taking  sufficient  distance  between  locations  where  hazardous  materials  are  handled  or 
stored. 

Further  keywords  can  be  summarised  under  the  headings  simplify  and  make  things 
easier:  the  Keep  It  Simple  and  Safe  or  KISS  principle.  This  has  much  to  do  with  “human 
factors”. 

Hierarchical  approach  in  reducing  safety  and  environmental  risks 


Hazards  and  risks  Minimize 

PREVENT  [  >  -Chemistry  I  >  Inherent 

-Engineering  Hazards 


V7 

PROTECT 

Layers  of  protection 

-  Active  protection 

-  Passive  protection 


► 


Minimize 

Process 

risks 


V 

MITIGATE 

-  Risks  to  workers 

-  Risks  to  public 

-  Environmental  risks 


O 


Minimize 
Product-  & 
Process  risks 
to  receptors 


Fig  3.  When  considering  risk  reduction,  start  with  rethinking  fundamentally  the  process. 
Can  there  be  inherent  improvements?  Subsequently  the  question  can  be  asked  which 
protective  measures  can  be  taken  and  finally  what  mitigation  is  possible. 


Protection  can  be  active  and  passive.  Active  protection  applies  to  a  device  that  functions 
to  restore  a  safe  state  in  case  a  deviation  of  the  normal  process  conditions  threatens  to  arise. 
In  passive  protection  the  hazard  is  eliminated  or  minimised  by  design  features  that  reduce 
mostly  the  consequence.  Both  types  can  be  by  technical  provisions  or  organisational 
/procedural  by  rules.  Protective  measures  come  usually  in  a  series  of  one  acting  after  the 
other.  This  is  called  layers  of  defence,  barriers  or  layers  of  protection.  The  concept  of  Layers 
of  Protection  Analysis,  LOP  A,  shall  be  examined  together  with  procedural  measures  of 
protection  below. 

Mitigation  is  reducing  the  risk  to  people  and  environment  by  e.g.  rapidly  dispersing  and 
diluting  a  toxic  or  explosive  cloud  by  applying  steam  or  water  “curtains”. 
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2.4  Layers  of  Protection  Analysis 

Layer  Of  Protection  Analysis  (LOPA)  which  was  put  forward  and  promoted  by  the 
Center  for  Chemical  Process  Safety  of  the  AIChE  in  New  York19',  starts  by  defining  a 
scenario  and  analysing  which  independent  protection  layers  (IPL's)  are  in  place.  The  concept 
of  LOPA  can  be  depicted  as  in  Figure  4.  The  independence  is  not  easy  to  guarantee.  It  means 
that  whatever  happens,  the  layer  will  be  still  there  to  protect  when  the  previous  one  has 
failed.  There  is  of  course  a  finite  probability  that  also  this  layer  will  fail  under  the  impact  of 
the  incident  effects. 

As  we  have  seen  protection  can  be  active  or  passive.  Examples  of  active  protection  are 
controls,  safety  interlocks  or  emergency  shutdown  systems  and  measures  like  rupture  disks. 
In  passive  protection,  however,  nothing  needs  to  actively  function.  Equipment  is  designed 
such  that  it  can  withstand  effects  of  unwanted  incidents.  For  example,  a  reactor  wall  can  be 
designed  such  that  it  is  strong  enough  to  withstand  the  pressure  generated  by  a  (thermal) 
explosion  or  the  reactor  can  be  placed  in  a  strong  concrete  cubicle. 


Community  emergency  response 


Plant  emergency  response 

Fire 

protectior 

l,  steam/water  curtains 

Passive  physical  protection 
walls,  dikes,  bunds,  zoning 


Pressure  relief  devices 

Automatic  action,  SIS  or  ESD 

Critical  alarms  /Operator  supervision 
Manual  intervention 

Basic  controls  /  Process  alarms 
Operator  supervision 

Inherent  safer 
process  design 


Independent  Layers  of  Protection  (( Onion  ” 


Fig  4.  Layer  of  Protection  concept  in  which  the  various  layers  are  portrayed  as  the 
concentric  peels  of  an  onion. 


Protective  measures  are  usually  designed  in  a  hierarchical  series  and  such  that  each 
measure  acts  consecutively  to  the  former  one,  thus  backing  it  up.  The  layers  can  also  include 
mitigation  measures.  These  start  functioning  as  soon  as  damage  occurs  and  either  reduce  or 
limit  the  final  damage  or  injury,  or  enable  fast  recovery,  e.g.  the  fire  brigade. 
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The  innermost  core  of  the  concept  is  inherently  safer  process  design.  Good  design,  however, 
requires  further  robust  engineering.  It  also  includes  an  organisational  safety  system  with 
effective  procedures:  a  Safety  Management  System,  and  the  availability  of  high  quality 
operators  and  maintenance  personnel.  As  a  first  layer  of  active  protection,  a  basic  control 
system  should  be  installed  with  one  or  more  sensors,  logic  controllers,  and  actuators,  with 
process  alarms  and  operator  supervision.  The  next  layer  consists  of  critical  alarms  and 
manual  intervention.  The  probability  of  human  error  leading  to  a  hazardous  situation  can  be 
lowered  by  an  additional  layer  consisting  of  an  automatic  action,  high  integrity  safety 
instrumented  system  (SIS),  which  can  take  several  forms  as  for  example  the  safety  interlock 
system  or  emergency  shutdown  (ESD),  but  which  usually  are  costly. 

A  further,  additional  layer  can  be  obtained  by  mounting  e.g.  an  emergency  pressure 
relief.  Subsequently,  also  a  passive  structural  safety  system  can  be  built,  like  a  concrete 
bunker,  safe  haven  (off-shore),  fire  and  blast  wall,  and  suitable  lay-out  and  zoning 
(hazardous  area  classification  with  zones  0,  1  and  2  for  flammable  gas/vapour-air  or  20,  21, 
and  22  in  case  of  combustible  dust-air  mixtures).  The  size  of  zoning  depends  on  the 
flammable  or  explosive  class,  which  in  turn  is  determined  by  properties  such  as  flash  point, 
etc.  Zoning  also  determines  the  level  of  explosion  safety  of  electrical  apparatus.  Fire 
protection  can  be  installed  (smoke  detection,  sprinklers,  fire  resistant  materials)  and 
mitigation  means  can  be  applied,  such  as  water  sprays  or  steam  curtains  when  toxic  or 
flammable  vapours  may  escape.  As  mitigating  layers,  an  emergency  response  should  be 
organised  both  for  inside  the  plant  and  the  community  outside. 

As  in  a  Hazard  and  Operability  study,  a  multidisciplinary  team  with  e.g.  representation 
of  operations,  maintenance,  management,  process  and  chemical  engineering,  instrumentation 
and  electrical  engineering  performs  a  LOPA.  The  team  is  completed  with  a  risk  analyst.  On 
the  basis  of  a  HAZOP  or  another  potential  incident  identification  analysis  or  cause- 
consequence  analysis,  the  frequency  and  severity  of  an  initiating  event  for  a  given  scenario 
are  determined.  Then  Independent  Protection  Layers  (IPLs)  (or  Layers  of  Protection:  LOPs) 
are  defined  and  their  Probability  of  Failure  on  Demand  (PFD)  determined.  The  latter 
includes  not  only  equipment  reliability,  but  also  human  error.  The  team  can  quantify  the 
probabilities  of  the  incident  and  those  of  failure  of  the  layers  and  hence  determine  a  residual 
risk. 


2.5  Safety  Management  System 

The  organisation  of  safety  has  become  at  least  as  important  as  technical  safety  of 
equipment.  Attention  of  management  to  safety  matters  has  proved  to  be  of  utmost 
importance.  It  is  a  major  improvement  in  the  past  ten  years  that  this  has  been  understood  in 
top  management  of  many  large  companies.  SHE  (Safety,  Health  and  Environment)  shall  be 
no  less  important  than  production,  quality,  cost  and  personnel110'  .  It  shall  reflect  in  installing 
a  safety  management  system  in  production  as  well  as  in  trans-shipment  or  storage  facilities. 

The  critical  ingredient  is  management  leadership  directed  towards  the  desired  level  of 
safety  performance.  Management  systems  are  comprehensive  sets  of  policies,  procedures 
and  practices  designed  to  ensure  that  barriers  to  major  incidents  are  in  place,  in  use  and 
effective.  The  functions  to  be  distinguished  are  planning,  organising,  implementing  and 
control  with  feed  back:  Plan,  do,  check  and  act.  An  SMS  is  therefore  a  true  management 
system.  According  to  an  early  CCPS  publication  [11'  on  this  topic  a  SMS  contains  twelve 
elements: 
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1.  Accountability,  i.e.  clarity  in  objectives,  (who  is  responsible  for  what,  which  lines 
of  communication,  how  to  report  and  audit), 

2.  Process  knowledge  and  documentation,  records  of  design  criteria  and 
management  decisions, 

3.  Critical  project  review  and  design  procedures  for  new  or  existing  plants, 
expansion  and  acquisition, 

4.  Process  risk  management,  incl.  encouragement  of  clients  and  suppliers  to 
conform, 

5.  Management  of  change  of  technology,  facility  or  organisation,  both  temporary 
and  permanent, 

6.  Process  and  equipment  integrity  (reliability,  materials,  installation,  inspection, 
maintenance,  alarms), 

7.  Human  factors  (error  assessment,  task  design,  man-machine  interface, 
ergonomics), 

8.  Training  and  performance  (development  of  programs,  design  of  procedures, 
manuals), 

9.  Incident  investigation  (near-miss  reporting,  accidents,  follow-up), 

10.  Standards,  codes  and  laws  (in-and  external), 

1 1.  Audits  and  corrective  actions, 


12.  Enhancement  of  process  safety  knowledge  by  research  and  improvement  of 
predictive  techniques. 


Fig.  5  depicts  the 
“institutionalization” 
of  “lessons  learned” 
and  the  “ploughing 
back  of  experience” 
by  three  feedback 
loops  with  increasing 
time  constant: 

Control,  correction 
and  improvement.  In 
fact,  if  the  culture  of  a 
team  and  company 
would  welcome 

openness,  talk  about 
things  that  can  go 
wrong,  carry  out  near- 
miss  reporting  and 
audit  at  various  levels 
and  in  an  organised 
way,  most  of  the 
advantages  would  be 
realised. 


Policy  and  objectives 


Organization,  responsibilities 
and  resources 
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Fig  5.  Typical  structure  of  key  elements  in  a  safety  management 
system;  source  Frohlich  EPSC  Safety  Management 
Systems,  IChemE  publ.  1994  [9,‘ 
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A  brief  word  on  Human  factor:  Yes,  we  can  make  errors.  Even  I  can  do  it  myself.  1  can 
do  things  in  a  routine  activity,  which  I  never  would  think  1  could  do  wrong.  Make  it 
therefore  easy  and  simple. 

There  has  been  done  much  to  provide  techniques  for  impro-ving  human  behaviour  with 
respect  to  motivation,  social  climate  and  environ-ment,  personnel  mana-gement,  instructions 
(not  too  lengthy)  and  procedures  (clear),  avoiding  stress  and  alcohol  or  drugs,  adequate 
training,  quality  of  provided  information,  discipline,  checking  performance.  Then  there  is  a 
five-step  method  for  short-term  behaviour  modification,  on  the  same  principle  as  the  control 
loop: 


1.  Find  concentrations  of  accidents 

2.  Revise  safety  rules  and  working  procedures 

3.  Develop  a  plan  of  action 

4.  Realise  the  plan 

5.  Install  efficiency  controls. 

In  general  four  types  of  unsafe  human  acts  are  distinguished:  Slips  (of  the  mind),  lapses 
(of  the  memory,  something  not  carried  out),  mistakes  (the  wrong  thing  done  by  lack  of 
knowledge  or  bad  procedure),  and  circumvention  (because  “I  am  better,  it  will  not  happen  to 
me”  -attitude). 

Fundamental  to  safety  thinking  is  to  systematically  plough  back  experience  with 
accidents  and  near-misses.  "Lessons  learned"  and  case  histories  are  also  basic  to  education 
and  training. 

Education  and  training  should  also  ensure  that  the  operator  has  the  right  mental  model  of 
the  process.  Errors  of  representation  have  been  quite  common  in  the  control  room:  the 
operator  thinking  the  process  functions  a  certain  way,  but  reality  being  different.  This  can 
include  non-identified  risks.  Process  control  is  also  often  not  optimal;  too  many  alarms 
installed  leading  to  alarm  avalanches  in  case  of  process  upset,  too  many  false  alarms 
occurring,  insufficient  overview,  and  where  it  is  necessary,  insufficient  detail;  unclear 
instruction  manuals,  too  much  stress  when  the  process  really  jams.  For  training  purposes 
simulation  of  a  running-out-of-hand  scenario  by  computer  is  helpful. 

Although  most  human  factor  work  has  been  centred  around  the  individual,  more 
attention  is  given  to  teamwork.  Safety  culture  has  become  a  topic:  team  spirit,  positive 
attitude,  and  discipline. 

Many  accidents  showed  as  a  precursor  minor  deviations  from  normal  routine,  and  small 
defects  in  combination  with  a  less-safety  conscious  attitude.  The  defects  in  itself  have 
nothing  to  do  with  the  coming  event,  but  these  require  attention  and  therefore  distract 
concentration  from  the  main  error.  Wagenaar  and  Reason  developed  a  predictive  tool  to 
detect  latent,  or  dormant  failures  and  negative  attitude  in  a  team  like  in  the  project  called 
Tripod  by  Wagenaar  &  Reason  c.s.,  Leiden/Manchester,  r12'  for  Shell.  This  has  developed  to 
a  tool  for  Human  Factor  assessment  by  measuring  performance  through  the  scores  in  a  Basic 
Risk  Factor  (BRF)  -profile  of  a  team  or  even  a  company  in  a  so  called  Tripod  condition 
review,  reflecting  the  effectiveness  of  a  SMS.  The  BRF's  are  in  prevention  (Design,  Tools  & 
equipment,  Maintenance,  Housekeeping,  Error  enforcing  conditions,  Procedures,  Training, 
Communication,  Incompatible  goals,  Organisation)  or  mitigation  (defences).  The 
information  is  collected  by  means  of  a  questionnaire  and  the  answers  treated  statistically. 
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The  scores  run  from  0  to  100.  A  version  of  the  method  has  been  developed  for  investigating 
incident  causation  called  TRIPOD  Beta.  The  three  “feet”  of  the  method  are  the  incident 
itself,  active  failures  and  latent  failures.  Active  failures  are  physically  noticeable  and  appear 
usually  shortly  before  the  accident.  They  consist  of  breached  system  barriers  and  unsafe  acts. 
Barriers,  also  called  layers  of  protection  or  defences,  are  systems  or  devices  like  (active) 
control  systems,  and  overpressure  vents,  which  act  in  case  of  an  incident.  These  have  a  finite 
reliability,  already  because  of  infrequent  use.  So  they  may  fail  due  to  local  technical  faults, 
atypical  conditions,  and  severe  environmental  conditions.  Latent  failures  cause  preconditions 
for  the  accident.  Preconditions  are  conditions,  which  determine  how  readily  an  error  is 
committed,  e.g.  a  state  of  stress,  poor  motivation,  or  ignorance.  Line  management  can 
influence  them.  The  causes  may  have  been  in  the  organisation  already  for  a  long  time  and 
may  be  attributed  to  wrong  decisions  of  designers  and  planners.  Even  further  in  the  past  may 
be  scene  setting  for  fallible  decisions  of  top-level  decision-makers.  Unsafe  acts  are  by 
personnel  in  direct  contact  with  the  equipment  or  structure,  which  lead  up  to  the  accident. 
The  whole  sequence  is  illustrated  in  Figure  6. 


Top  level 
decision  makers 


Line  management 
designers,  planners 


Organisation 


Fallible  decisions  | 


Line 


Human 

involvement 


Local  technical  faults, 
atypical  conditions,  severe 
environmental  conditions 


Limited  windows 
of  accident 


Fig  6.  Accident  causation  sequence  as  seen  in  the  Tripod  model  [13,‘ 


3.  SPECIFIC  HAZARDS  ENERGETIC  MATERIALS 
3.6  Properties  of  EM 

About  explosive  potential  little  has  to  be  said.  There  is  a  mass  of  knowledge  available. 
Each  country  which  has  a  manufacturing  capability  will  have  had  an  author  writing  his  own 
compendium  on  explosive  performance.  Sometimes  the  thought  may  come  up,  we  have  seen 
it  all.  However  there  is  still  much  unexplored  terrain,  so  there  will  be  new  surprises.  Low 
vulnerability  explosives  may  not  behave  so  low  vulnerable  when  applied  in  masses  and  new 
more  powerful  explosives  may  be  developed. 


45 


From  a  hazard  point  of  view  initiation  is  more  interesting.  It  still  is  despite  the  many 
investigations  rather  unpredictable  when  the  question  is  asked,  is  initiation  possible  in  this 
particular  situation?  The  standard  tests  for  impact,  friction,  and  spark  initiation  produce 
figures  which  give  a  ranking  order  but  do  not  say  very  much  when  they  would  be  translated 
to  a  particular  situation.  The  hot  spot  theory  will  now  be  60  years  old  and  indeed  there  is 
some  correlation  between  initiation  sensitiveness  and  the  thermal  reactivity,  but  physics  and 
chemistry  interact  also  in  this  domain  sometimes  rather  unpredictable. 

About  toxic  properties  of  explosives  much  less  is  known.  For  acute  toxicity  there  is  not 
that  much  to  fear.  Many  cyclic  nitro-compounds  and  aromatic  amines  are  carcinogenic 
though.  Strong  carcinogenicity  is  often  related  with  an  easily  oxidisable  amino-group  or 
reducable  nitro-group.  In  particular  the  latter  is  suspect.  Some  explosives  are  allergenic  to 
some  people.  Tetryl  is  an  example.  The  SIRI  MSDS  (Material  Safety  Data  Sheets),  data 
base,  http://hazard.com/msds/  and  RTECS  (Registry  of  Toxic  Effects  of  Chemical 
Substances),  http://ccinfoweb.ccohs.ca/rtecs/search.html  may  give  information. 

3.7  Cook-off;  Run  away  processes 

Thermal  explosion  theory  is  assumed  to  be  known  and  the  Semenov  and  Frank- 
Kamenetskii  models  will  not  be  explained  here.  Cook  off  is  basically  a  test  to  investigate  the 
behaviour  of  an  EM  in  a  fire.  It  sets  off  a  thermal  explosion  under  input  of  heat  and 
confinement  of  the  material.  The  heat  input  makes  the  substance  to  start  decomposing 
exothermally  at  a  sufficiently  high  temperature,  the  confinement  by  e.g.  a  steel  wall  makes 
the  effect  of  blast  and  fragments  at  the  end  of  the  reaction  much  worse.  The  temperature  and 
the  amount  of  confinement  depend  on  the  properties  of  the  specific  EM  involved.  Some  start 
at  a  relatively  low  temperature  and  have  a  moderate  effect;  some  others  a  violent,  others 
decompose  only  at  much  higher  temperature,  but  in  the  end  all  go.  The  larger  the  diameter  of 
the  mass,  the  less  steel  confinement  is  necessary  to  get  the  effect.  The  slower  the  heating  is 
the  more  violent  the  effect.  Some  EM’s  can  pass  from  a  local  thermal  explosion  into  a 
deflagration,  which  can  even  transit  into  a  detonation.  All  these  processes  can  be  quantified 
to  some  extent. 

The  strength  of  the  blast  can  be  characterised  and  expressed  in  peak  shock  pressure  and 
impulse  at  a  certain  distance  from  the  explosion  point  and  translated  into  a  TNT-equivalent. 
The  effect  of  the  blast  on  “targets44,  such  as  structures  can  fairly  well  be  calculated,  given 
peak  pressure  and  impulse.  For  the  fragments  prediction  is  more  problematic,  since  the 
initial  fragment  distribution  and  the  initial  fragment  speed  have  to  be  known.  Estimates  can 
be  made  on  the  basis  of  the  TNT-equivalent.  So,  in  general  protective  structures  can  be 
designed  quite  well.  It  is  however  recommendable  to  test  a  mock-up  prototype  with  a  real 
charge  to  see  whether  a  protection  really  works. 

The  next  part  will  be  on  run-away  of  a  synthesis  process,  a  frequently  occurring  type  of 
accident.  Basically  this  is  also  an  exothermal  decomposition  and  usually  is  considered  as  a 
Semenov  type  of  thermal  explosion,  since  the  temperature  gradients  in  a  stirred  reactor 
vessel  remain  small.  There  is  a  great  variety  of  causes  of  run-away: 

-  chemical:  run-away  can  typically  occur  in  polymerisations  (almost  50%  of 
reactor  accidents),  nitrations,  sulfonations,  Grignard  diazotation  reactions,  and 
(Friedel  and  Craft)  alkylations.  Further  there  are  runaways  found  in  aminations, 
halogenizations,  oxidations,  hydrolyses.  Aside  from  polymerisations,  it  is  often 
not  the  reaction  desired  that  is  causing  the  trouble,  but  a  decomposition  reaction 
or  oxidation  starting  at  a  higher  than  usual  temperature  and  having  a  higher 
energy  of  activation  than  the  intended  reaction.  The  runaway  starts  with  self- 


46 


heating  after  decomposition  is  initiated  by  a  chemical  effect.  This  can  be  the 
addition  of  wrong  reactant  into  the  reactor  or  by  dosing  in  the  wrong  sequence, 
an  overdose  of  e.g.  catalyst  or  many  other  causes  like  undue  delay  in  start  of 
reaction  and  accumulation  of  reactant  by  too  cold  a  mixture  or  too  slow  a  dosing. 
Also  by  initial  decomposition  autocatalytic  products  may  have  formed  or  the 
reaction  mix  got  contaminated  because  the  remains  from  previous  batches  have 
not  been  cleaned  out  in  advance  or  otherwise. 


-  physical:  stratification,  a  sudden  lack  of  cooling,  or  faulty  control  of  temperature 
may  cause  runaway.  The  heater  may  have  been  on  unnoticed  or  the  reactor  is 
exposed  to  fire,  the  stirrer  drive  may  have  failed,  the  stirring  was  not  switched 
on,  or  switched  on  too  late.  There  might  have  been  a  lack  of  maintenance: 
leaking  of  materials,  plugging  of  pipes,  water  remains  after  cleaning  etc. 

Since  batch  reactor  mishaps  can  have  many  causes,  such  a  reactor  has  to  be  safeguarded 
by  a  control  system  and  emergency  measures.  As  regards  the  chemical  nature  of  the  batch  a 
practical  safety  criterion  parameter  has  been  developed  that  characterizes  the  dynamic 
performance  of  the  reaction.  This  is  the  Barkelev  number:  B  =  E  ATa(}/  RT2  ,  in  which  E  is 
activation  energy  of  the  reaction,  ATad  the  adiabatic  temperature  rise  of  the  reaction,  R  is  gas 
constant  and  T  is  the  operating  temperature.  It  means  that  the  hazard  of  runaway  increases 
when  the  energy  of  activation  is  high,  the  maximum,  hence  adiabatic  temperature  rise  high, 
or  the  reactor  temperature  low.  (In  the  latter  case  it  is  more  sensitive  to  failure  of  cooling) 
Batch  processes  with  B-values  <  5  are  non-critical  and  semi-batch  with  B  <  10  are  non¬ 
problematic f  141 .  In  other  cases  the  reactions  should  be  studied  further  by  additionally 
examining  the  Damkohler  and  Stanton  number,  see  also  ,15’ 161 . 

In  case  a  secondary  reaction  is  possible  it  is  important  to  determine  the  temperature,  Tsec, 
at  which  the  secondary  reaction  becomes  noticeable.  This  temperature  should  be  compared 
with  the  maximum  possible  temperature  that  the  mix  can  achieve  by  the  primary  reaction: 


Tsec  '>  T max,prim  Treaction  +  ATad  ,prim 


If  this  condition  cannot  be  fulfilled  risk  reducing  measures  have  to  be  installed. 

It  makes  sense  to  perform  screening  tests  with  the  unstable  substances  involved. 
Chemistry  and  chemical  thermodynamics  (ASTM  E27.07  CHETAH  code  version  7.0,  1994) 
can  predict  the  possible  occurrence  of  exothermic  reactions  and  quantify  their  magnitudes. 
But  whether  this  potential  reaction  will  in  reality  occur  and  its  rate  of  occurrence  -  both 
critical  to  the  occurrence  of  an  explosion  -  is  a  matter  of  chemical  kinetics.  Chemical  rates  as 
a  function  of  temperature  and  other  factors  (e.g.  catalytic  effects!)  are  notoriously  difficult  to 
predict.  Since  prediction  from  first  principles  is  usually  not  possible,  many  empirical 
techniques  have  been  developed  using  small  quantities.  A  widely  applied  test  method  is 
Differential  Thermal  Analysis  (DTA).  Or  DSC,  Differential  Scanning  Calorimeter.  DTA  is 
normally  done  at  constant  pressure,  i.e.  in  an  open  system.  Not  surprisingly,  it  is  also 
possible  to  test  in  a  closed  system  and  thus  also  measure  pressure  and  sample  the  gas  phase 
evolved.  A  screening  test  that  has  become  quite  popular  the  last  few  years  is  the  Adiabatic 
Rate  Calorimeter  or  ARC.  For  descriptions,  see  the  CCPS  Guideline  on  Reactive  Chemical 
Hazards117'. 
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When  laboratory  experiments  are  carried  out  to  determine  the  values  of  various  reaction 
parameters  it  is  important  to  be  able  to  measure  the  heat  generation  rate  in  a  test 
environment,  which  is  as  close  to  adiabatic  as  possible.  The  Adiabatic  Rate  Calorimeter, 
ARC,  produces  in  many  cases  a  fair  approximation,  but  for  initially  low  heat  productions  it 
is  too  insensitive.  In  Bench  Scale  Reactors,  BSR,  the  reaction  patterns  can  be  studied  more 
reliably  and  the  heats  of  reaction  measured.  However,  there  remains  always  a  scaling-up 
problem,  since  in  an  industrial  scale  reactor  temperature  equalisation  is  limited  despite 
efficient  stirring. 

3.8  Risk  reduction 

There  are  several  possibilities  to  prevent,  protect  and  mitigate.  In  the  first  place  to 
prevent  cook-off  it  is  important  to  store  flammable  liquids  separately  and  have  means  of  fire 
fighting  available.  A  deflagration  can  only  be  stopped  by  massive  cooling.  Oxygen  depletion 
does  not  help.  With  respect  to  a  mn-away  detection  in  a  very  early  stage  is  very  helpful,  but 
not  easy  to  realise.  Run-away  can  come  “as  a  thief  at  night”.  Because  many  industrial  reactor 
systems  are  multi-purpose,  protection  should  be  general  and  therefore  much  work  has  been 
done  on  emergency  relief  venting  in  particular  in  the  industrial  co-operation  DIERS:  Design 
Institute  for  Emergency  Relief  Systems.  For  a  recent  overview,  see  f18'. 

As  a  further  measure  one  can  go  from  batch  to  continuous  operation.  The  chance  of  run¬ 
away  and  its  effects  are  in  that  case  much  less. 

3.9  Toxics  and  other  hazards  of  solvents 

Beside  the  EMs  there  are  the  solvents  to  pay  attention  toof19'.  Take-in  can  by  inhalation 
and  through  the  skin  (percutane).  By  now  everyone  will  know  that  toluene  replaces  benzene 
and  di-chloro-methane  replaces  chloroform  and  tetra-chloro-carbon,  although  the  MAC- 
value  (maximum  allowed  concentration  for  the  8  hour  per  day  worker)  of  the  latter  is  still  40 
ppm.  Acetone  and  diethylether  are  the  safest  to  use  from  a  toxic  point  of  view  although  the 
latter  one  can  develop  over  time  as  known  an  EM  itself  -  a  peroxide,  if  in  contact  with  air. 
Modern  solvents  are  (polar)  acetonitril,  (polar)  dimethylformamide  (DMF),  (dipolar) 
dimethylsulfoxide,  (in  all  mixture  ratios  miscible  with  water)  1,4-dioxane,  (dipolar) 
hexamethyl-phosphoric  acid-triamide  (HMPA),  and  (  as  a  replacement  of  di-ethylether  in 
various  organic  synthesis,  also  at  higher  temperature)  tetrahydrofurane.  All  of  these  have 
MAC-values  which  are  quite  low  (10-50  ppm),  except  DMSO,  HMPA  and  THF.  The  latter 
has  a  MAC-value  of  100  ppm  and  is  possibly  carcinogenic,  while  HMPA  is  suspect 
carcinogenic.  Acetonitril  and  DMF  can  react  violently  in  some  situations;  DMSO  can  be 
flammable  at  higher  temperature;  and  dioxane  and  THF  are  auto-oxidising  and  form 
peroxides  even  more  rapid  than  di-ethylether. 

In  general  the  advice  is  to  have  sufficient  ventilation,  at  least  5  times  per  hour,  to  work 
with  gloves  and  to  pay  attention  to  the  peroxide  formation  in  THF  and  dioxane. 
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3.10  Protective  structures  and  personal  protection 

To  just  mention  a  few  key  words: 

o  Separate  and  compartmentalise  both  operation  and  storage, 
o  Don’t  expose  more  people  than  is  strictly  necessary 
o  Maintain  good  housekeeping,  order  and  cleanliness 

o  Have  sufficient  means  for  personal  protection  (face  mask,  gloves,  protective 
clothing)  and  fire  protection 

o  Obey  the  gas  explosion  safety  zoning  and  corresponding  equipment  requirements 

o  Write  an  emergency  procedure  and  practice  it,  including  extinguishing  a 
laboratory  fire. 


4.  CONCLUSION 

1.  Safety  is  investing  in  one’s  own  future.  Cutting  curves  is  tempting  and  in  the  short 
term  an  advantage.  With  EM’s  some  day  by  some  trigger  not  understood,  the 
potential  gets  loose.  Hence  protect  against  the  possible  effects 

2.  By  simple  risk  analysis  and  scenario  thinking  incidents  may  be  identified  as  a 
possibility  before  they  actually  happen.  Risk  reduction  measures  can  be  considered. 

3.  By  layer  of  protection  approach  one  can  systematically  invest  in  protective  provisions 
and  be  able  to  make  cost-benefit  analysis. 

4.  With  EM  thermal  stimuli  direct  or  indirect  are  to  be  avoided,  since  these  are  the 
common  trigger.  Solvents  have  to  be  given  careful  attention.  Potential  explosion 
effects  can  better  once  be  simulated  in  some  kind  of  mock-up. 
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Abstract: 

Nowadays  we  are  often  confronted  with  limitation  of  quantity  of  explosives  in  terms  of 
protection  of  surroundings,  hygienic  standards  etc.  Linear  shaped  charges  (LSC)  as 
such  represen  t  significan  t  reduction  in  quan  tity  of  explosives  (when  compared  with  open 
charges)  at  blasting  work,  especially  at  demolitions  of  metal  structures.  Further 
decrease  in  quan  tity  of  explosives  is  achieved  by  tamping.  This  report  deals  with  finding 
of  relationship  (represented  by  cavity  depth  produced  by  jet  of  LSC  in  steel  plate  with  30 
mm  thickness)  between  tamped  and  open  LSC  of  the  same  performance. 

Keywords:  linear  shaped  charge,  tamped  charge 


1.  INTRODUCTION 

It  is  a  well-known  fact  from  blasting  profession  that  tamped  charge  delivers  higher 
performance  than  equal  open  charge.  This  fact  is  also  known  in  the  field  of  LSC. 

The  basis  of  this  work  was  comparing  the  performance  of  prepared  open  LSCs  and  their 
tamped  equivalents,  which  were  prepared  by  following  the  calculations  of  Gurney  equations 
for  the  mass  accelerated  by  explosive.  Performance  was  defined  as  a  cavity  depth  produced 
by  LSC  jet  in  steel  plate  with  30  mm  thickness. 

As  already  mentioned,  the  basis  of  this  work  was  the  study  of  R.W.Gurney  about  the 
mass  accelerated  by  explosive  at  different  arrangements,  or,  more  precisely,  his  empiric 
equations.  Equation  for  asymmetrical  sandwich  and  its  subsequent  modification  were  used 
for  our  arrangement. 


v 


l  +  A3  N  M 

—7 - ^ +  —  -A1  +  — 

3-(l  +  +i)  C  C 


Where 


V 

-  velocity  of  plate  M, 

V2 E 

-  Gurneyho  velocity, 

M 

-  weight  of  accelerated  plate, 

C 

-  weight  of  explosive, 

N 

-  weight  of  tamping  layer. 
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N_ 
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Fig  1.  Asymmetrical  sandwich:  M  -  accelerated  plate;  C  -  explosive;  N  -  tamping 
layer. 

Open  face  sandwich 

Equation  for  open  face  sandwich  was  used  to  calculate  parameters  of  open  LSC.  We 
obtain  this  equation  after  modification  of  equations  (1)  and  (2),  where  N  =  0. 


Fig  2.  Open  face  sandwich:  M  -  accelerated  plate;  C  -  explosive. 

Dependence  of  v/y[2E  on  M/C  ratio  according  to  equation  (3)  is  presented  on  Fig. 3.  It 
is  evident,  that  at  reducing  the  quantity  of  accelerated  mass  M  acceleration  becomes  higher, 

but  only  up  to  the  limit  value  v/  V2 ~E  =  1/ V3  (for  M/C— >0). 


M/C 


Fig  3.  Dependece  of  mass  acceleration  on  M/C  ratio  for  open  face  sandwich. 
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Dependence  of  kinetic  energy  Ek  of  accelerated  material  on  M/C  ratio  at  constant 
quantity  of  explosive  C  is  shown  at  Fig.4.  The  maximum  is  evident  for  value  M/C  =  0.5.  The 
M/C  value  area  0,3  -  0,7  is  usually  the  starting  point  for  construction  of  LSC. 


Fig  4.  Dependence  of  kinetic  energy  EK  of  accelerated  material  on  M/C  ratio  at 
constant  quantity  of  explosive  C  for  open  face  sandwich. 

Symmetrical  sandwich 

This  arrangement  was  used  for  tamped  LSC’s  design.  In  case  that  mass  of  tamping  layer 
N  is  similar  to  the  mass  of  accelerated  material  M  we  obtain  simpler  equation: 


i 


Fig  5.  Symmetrical  sandwich:  M  -  accelerated  material,  tamping  layer; 
C  -  explosive. 


Dependences  of  v/VTE  and  kinetic  energy  Ek  of  accelerated  material  on  M/C  ratio  at 
constant  quantity  of  explosive  C  are  compared  with  the  same  dependences  for  open  face 
sandwich  (dotted  line)  on  Figs.  6  and  7.  The  course  of  function  (4)  is  similar  to  that  of  open 
face  sandwich  (3).  A  difference  is  evident  only  when  comparing  kinetic  energy  EK  of 
accelerated  material.  It  is  evident  here,  that  the  tamping  layer  of  symmetrical  sandwich  is 
worth  using  for  M/C  values  higher  than  0.25  only. 
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1,5 


Fig  6.  Dependence  of  mass  acceleration  on  M/C  ratio:  full  line  -  symmetrical 
sandwich;  dotted  line  -  open  face  sanwich. 


M/C 

Fig  7.  Dependence  of  kinetic  energy  EK  of  accelerated  material  on  M/C  ratio  at 
constant  quantity  of  explosive  C:  full  line  -  symmetrical  sandwich;  dotted 
line  -  open  face  sanwich. 


Asymmetrical  sandwich 

If  we  keep  increasing  tamping  ratio  N/M,  the  velocity  and  kinetic  energy  of  accelerated 
material  will  increase  too.  This  can  be  seen  at  Figs.  8  and  9.  Dependences  of  v/  y[2E  and 
kinetic  energy  Ek  of  accelerated  material  on  M/C  ratio  at  constant  quantity  of  explosive  C 
and  tamping  ratio  N/M  =  2  are  compared  with  the  same  dependences  for  symmetrical 
sandwich  (dotted  line)  and  for  asymmetrical  sandwich  with  tamping  ratio  N/M  =  4  (dashed 
line). 


54 


1,5 


0  I - ' . . I - ' . . I 

0,1  1  10 

M/C 

Fig  8.  Dependence  of  mass  acceleration  on  M/C  ratio:  full  line  -  N/M  =  2; 
dashed  line  -  N/M  =  4;  dotted  line  -  symmetrical  sanwich  (N/M  =  1). 


Fig  9.  Relation  of  kinetic  energy  Ek  of  accelerated  material  on  M/C  ratio  with 

constant  quantity  of  explosive  C  solid  line  -  N/M  =  2;  dashed  line  -  N/M  = 
4;  dotted  line  -  symmetrical  sanwich  (N/M  =1). 


2.  EXPERIMENTAL 
Design  of  LSC 

3  types  of  LSC  were  designed  for  our  experiments. 

Open  charges  were  designed  with  ballistic  ratio  (C/M!)  1.5. 

Tamped  charges  were  designed  with  tamping  ratio  N/M  =  1.  Height  of  explosive  layer 
was  designed  so  that  the  final  velocity  of  liner  responds  with  the  liner  velocity  of  open 
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charge  liner.  In  our  case  the  following  equation  obtained  after  modification  of  equations  (3) 
and  (4)  was  used: 


CT 


2  M 


V 


1  +  2- 


M 

C 


1  + 


M 

C 


+  1 

\ 


M 
+  — 
C 


1 

3 


where  C 
CT 
M 


-  weight  of  explosive  layer  of  open  charge 

-  weight  of  explosive  layer  of  tamped  charge 

-  weight  of  liner 


(5) 


A  -  LSC  with  constant  thickness  of  explosive  layer 


Open  variant 

Tamped  variant 

Thickness  of  liner 

1.0  mm  (M  =  7.80) 

1.0  mm  (M  =  7.80) 

Thickness  of  explosive  layer  x 

7.5  mm  (C  =  11.63) 

5.9  mm  (CT  =  9.15) 

Thickness  of  tamping  layer 

- 

1.65  mm  (N  =  7.76) 

Length  of  side  of  explosive  layer  L 

15  mm 

Stand-off  distance 

1 1  mm 

Fig  10.  LSC  type  A:  x  -  thickness  of  explosive  layer;  L  -  length  of  side  of 
explosive  layer;  SO  -  stand-off  distance. 

B  -  LSC  with  decreasing  thickness  of  explosive  layer 


Open  variant 

Tamped  variant 

Thickness  of  liner 

1.0  mm  (M  =  7.80) 

1.0  mm  (M  =  7.80) 

Thickness  of  explosive  layer  xi 

8.5  mm  (Ci  =  13.18) 

6.9  mm  (CTi  =  10.70) 

Thickness  of  explosive  layer  X2 

6.5  mm  (C2=  10.08) 

4.8  mm  (CT2  =  7.44) 

Thickness  of  tamping  layer 

- 

1.65  mm  (N  =  7.76) 

Length  of  side  of  explosive  layer  L 

15  mm 

Stand-off  distance 

1 1  mm 
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C  -  LSC  with  decreasing  thickness  of  explosive  layer 


Open  variant 

Tamped  variant 

Thickness  of  liner 

1.0  mm  (M  =  7.80) 

1.0  mm  (M  =  7.80) 

Thickness  of  explosive  layer  xi 

9.5  mm  (Ci  =  14.73) 

8.0  mm  (Cxi  =  12.40) 

Thickness  of  explosive  layer  X2 

5.5  mm  (C2  =  8.53) 

3.8  mm  (CT2  =  5.89) 

Thickness  of  tamping  layer 

- 

1.65  mm  (N  =  7.76) 

Length  of  side  of  explosive  layer  L 

15  mm 

Stand-off  distance 

11  mm 

Fig  11.  LSC  type  B  (C):  xi,  X2  -  thickness  of  explosive  layer;  L  -  length  of  side  of 
explosive  layer;  SO  -  stand-off  distance. 


Used  material 

Rolled  plastic  explosive  containing  88  %  RDX  with  detonation  velocity  7,800  m.s'1  at 

■j 

density  1.55  g.cm"  was  used  for  LSC  manufacturing. 

Liners  with  internal  angle  90°  were  made  of  deep-ductile  metal  sheet  with  thickness  1.0 
mm. 

Mixture  of  powdered  copper  and  polyisobutylene  was  used  for  preparation  of  tamping 
layer.  This  mixture  was  rolled  to  thickness  1.65  mm  with  density  4.7  g.cm'  . 

Performance  of  prepared  LSCs  was  tested  on  the  plate  of  steel  of  Class  11373  with 
dimensions  1200x320x30  mm. 


Manufactured  LSCs 

Unified  liner  made  of  deep-ductile  metal  sheet  with  thickness  1.0  mm  (M  =  7.80)  was 
used  for  preparation  of  all  LSCs.  Chosen  length  of  the  liner  was  300  mm.  Length  of  liner 
side  30  mm  also  ensured  stand-off  distance  1 1  mm. 
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Table  1.  Prepared  LSCs 


Charge 

No. 

Length  of 
explosive 
layer  L 
(mm) 

Thickness  of 
explosive 
layer  xi 
(mm) 

Cx 

Thickness  of 
explosive 
layer  x2 
(mm) 

c2 

Explosive 

content 

(g-m1) 

Thickness 
of  tamping 
layer 
(mm) 

N 

1 

15 

7.5 

11.55 

- 

- 

415 

- 

- 

A 

2 

15 

7.5 

11.55 

- 

- 

415 

- 

- 

3T 

15 

5.8 

8.93 

- 

- 

309 

1.65 

7.76 

4T 

15 

5.8 

8.93 

- 

- 

306 

1.65 

7.76 

1 

15 

8.6 

13.33 

6.5 

10.08 

436 

- 

- 

B 

2 

15 

8.6 

13.33 

6.5 

10.08 

440 

- 

- 

3T 

15 

6.9 

10.7 

4.8 

7.44 

323 

1.65 

7.76 

4T 

15 

6.9 

10.7 

4.8 

7.44 

317 

1.65 

7.76 

1 

15 

9.7 

5.5 

8.53 

458 

- 

- 

C 

2 

15 

9.7 

5.5 

8.53 

446 

- 

- 

3T 

15 

8.2 

12.79 

4.0 

6.24 

351 

1.65 

7.76 

4T 

15 

8.2 

12.79 

4.0 

6.24 

361 

1.65 

7.76 

3.  OBTAINED  RESULTS 

Middle  part  of  steel  plate  was  cut  out  after  experiments  to  facilitate  measuring  of  overall 
dimensions  of  cavity  including  penetrated  slug.  Introduced  values  are  average  values  from 
two  measurements  done  on  opposite  sides  of  the  cut. 


Table  2.  Measured  values  of  cavities  dimensions 


Charge 

No. 

Depth 

(mm) 

Average 

depth 

(mm) 

Input  width 
(mm) 

1 

21.75 

21.60 

9.75 

A 

2 

21.45 

9.50 

3T 

17.30 

18.43 

8.65 

4T 

19.55 

8.35 

B 

1 

17.10 

17.60 

8.35 

2 

18.10 

8.35 

3T 

16.25 

16.83 

6.40 
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Charge 

No. 

Depth 

(mm) 

Average 

depth 

(mm) 

Input  width 
(mm) 

4T 

17.40 

7.05 

1 

21.50 

20.83 

9.10 

C 

2 

20.15 

8.35 

3T 

19.55 

19.93 

7.30 

4T 

20.30 

6.85 

4.  CONCLUSION 

The  values  measured  confirm,  that  at  LSC  with  constant  thickness  of  explosive  layer 
(type  A)  the  performance  decreased  by  15  %  when  the  quantity  of  explosive  was  reduced  by 
approximately  25  %.  On  the  contrary,  at  LSC  with  variable  explosive  layer  thickness  (types 
B,  C)  the  decrease  in  performance  was  by  5  %  only,  when  the  quantity  of  explosive  was 
reduced  by  approximately  25  %. 

These  experiments  also  proved  the  applicability  of  powder  material  in  polymere  matrix 
for  tamping  of  charges.  On  detonation  of  a  charge  complete  disintegration  to  fine  particles 
occurs  that  rapidly  decelerate  and  the  surroundings  is  not  exposed  to  fragments  dispersion. 
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Table  3.  Comparison  of  LSC performances 
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B 
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Abstract 

Selective  mono-  and  di-nitration  of  aromatic  hydrocarbons  with  various 
nitrating  agents  are  discussed.  Nitration  of  hindered  diamines  with  potassium 
nitrate  in  cone,  sulfuric  acid  yielded  80-95  %  di-nitro  derivatives.  Nitration 
using  40%  nitric  acid  with  montmorillonite  K10  and  ferric  nitrate  supported 
on  montmorillonite  K10  showed  high  p-selectivity  for  mono-substituted 
substrates  and  also  avoids  the  use  of  sulfuric  acid.  The  total  omission  of  sulfuric 
acid  and  the  reduction  of  nitric  acid  concentration  to  40%o  considerably  reduce 
the  emission  of  environmental  pollutants.  The  montmorillonite  K10  used  as  the 
solid  support  and  catalyst  is  reusable  by  removing  the  water  formed  in  the 
reaction  followed  by  washing  with  acetone  and  subsequent  drying  in  an  air  oven 
at  110  "C. 

Keywords:  green  synthesis,  nitration,  montmorillonite  K10 


1.  INTRODUCTION 

Nitro  compounds  represent  an  important  class  of  compounds  as  potential  energetic 
molecules,  pharmaceutical  intermediates  and  precursors  for  azo-dyes.  C-Nitrocompounds  are 
usually  prepared  by  direct  nitration  of  aromatic  and  aliphatic  hydrocarbons  under  specific 
conditions  [1l  In  the  laboratory,  aromatic  compounds  are  usually  been  nitrated  by  using  a 
mixture  of  cone.  HNO3  and  conc.FFSCU  ,2’  31 .  This  totally  “ungreen”  process  creates  severe 
environmental  pollution  caused  by  the  evolution  of  gaseous  nitrogen  oxides  from  oxidative 
degradation.  The  disposal  of  used  acids  and  waste  water  is  another  serious  issue.  In  the 
industrial  process,  a  large  excess  of  H2SO4  is  required  for  compensating  the  retarding  effect 
caused  by  water  molecules  formed  as  the  by  product,  which  dilutes  the  acid  during  nitration. 
In  addition  to  that  the  reactions  under  high  acidic  conditions  would  inevitably  cause 
corrosion  and  occupational  hazards. 

In  recent  years  many  alternative  methods  are  reported  for  the  ecofriendly  synthesis  of 
C-  nitrocompounds  which  included  the  use  of  clays  f4'  and  zeolites  fS|  as  solid  support. 
Similarly,  a  number  of  methods  have  been  reported  in  the  literature  on  the  synthesis  of 
nitramines  involving  the  direct  nitration  of  primary  and  secondary  amines  with  acetone 
cyanohydrin  nitrate  [6a],  CF3CMe20N02  f6b] ,  N2Os  [6c],  HNO3 [6dl,  NH4NO3 [6dl,  N020S02CF3 
,6e|  ,  n-butyl  nitrate  with  organomagnesium  bromide  16 11  and  with  4-chloro-5-methoxy-2- 
nitropyridazin  f6gl.  These  reagents  are  also  not  user-friendly  because  of  their  inherent 
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explosive  and  polluting  character.  In  this  context,  the  development  of  new  green  synthesis  of 
nitro  compounds  is  highly  important.  In  continuation  of  our  on-going  programs  in  the  area  of 
energetic  molecules,  we  herein  report  the  results  of  solid  phase  and  liquid  phase  nitration 
studies  involving  nitrate  salts  and  nitric  acid. 

2.  RESULTS  AND  DISCUSSION 

2.1  C-Nitration  with  potassium  nitrate  in  concentrated  sulfuric  acid 

We  have  tested  the  C-nitration  capability  of  the  reagent  by  conducting  the  nitration  of 
various  4,  4-diaminodiphenylmethane  derivatives.  The  reagent  is  prepared  by  the  dissolution 
of  anhydrous  potassium  nitrate  in  95%  sulfuric  acid.  Nitration  was  carried  out  by  adding  the 
reagent  to  an  ice-cold  solution  of  amine  dissolved  in  cone. sulfuric  acid.  During  the  reaction, 
no  gas  evolution  was  observed.  The  progress  of  the  reaction  was  monitored  by  TLC 
examination  at  regular  intervals.  After  6  hours  of  stirring  at  0-5°C,  the  reaction  was  found  to 
complete  and  the  dinitro  product  obtained  was  recovered  by  pouring  the  reaction  mixture  on 
to  crushed  ice  and  subsequent  neutralization  with  dilute  ammonia  solution  (Equation  1). 
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Table  1:  C-Nitration  of  aromatic  amines  using  KNO3/H2SO4  system 


Entry  Starting  material 


Product 


%  Yield 


g 

Dinitro  product  obtaind  by  using  two  eqivalant  of  potassium  nitrate 
^Mono  nitro  product  obtained  by  using  one  equivalant  of  potassium  nitrate 


We  have  carried  out  the  nitration  of  selected  sterically  hindered  di-amines  and  have 
obtained  good  results  give  yields  in  excess  of  80%.  We  could  not  isolate  any  mono-nitro 
products  in  the  nitration  of  amines  1,  2  and  3  when  carried  out  with  one  equivalent  of 
nitrating  agent.  However,  the  nitration  of  the  N-substituted  amine  4  yielded  the  mono-  and 
di-nitro  derivatives  when  the  nitration  was  undertaken  with  one  and  two  equivalents  of  the 
nitrating  agent  respectively.  The  results  are  summarized  in  Table  1. 
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2.2  C-Nitration  with  nitrate  salt  supported 
on  Montmorillonite  K10  clay 

In  order  to  develop  a  more  economical  and  eco-friendly  process  for  nitration  that  would 
lead  to  the  synthesis  of  high-energy  compounds,  we  have  focused  our  attention  towards 
nitrating  agents  supported  on  solid  acids  (Equation  2).  We  have  prepared  ferric  nitrate 
supported  on  montmorillonite  K10  clay  following  the  procedure  of  Laszlo  et  al  f?l.  The 
reagent  is  prepared  by  dissolution  of  ferric  nitrate  monohydrate  in  acetone,  resulting  in  a 
muddy,  light  brown  suspension,  to  which  Mont.  K10  is  added  and  stirred  well.  The 
evaporation  of  the  solvent  under  reduced  pressure  yielded  the  powdered  reagent  and  used  for 
the  nitration  of  aromatic  hydrocarbons. 

All  the  reactions  were  carried  out  in  hexane  medium.  The  substrate  molecule  was 
uniformly  mixed  with  the  supported  nitrating  agent  and  then  hexane  was  added  to  it.  The 
R.B. flask  is  then  fitted  with  Dean-Stark  water  separator  and  refluxed  at  the  boiling 
temperature  of  hexane.  The  progress  of  the  reaction  was  monitored  by  TLC  analysis  at 
regular  intervals.  After  the  completion  of  the  reaction,  the  solid  clay  residue  was  filtered  off 
and  the  work-up  of  the  filtrate  by  alumina  column  chromatography  yielded  pure  nitro 
products  in  good  to  excellent  yield.  The  generality  of  the  reactions  was  established  by 
performing  the  reaction  with  different  aromatic  substrates.  The  nitration  of  benzene  yielded 
92%  /^-nitrobenzene,  whereas  toluene  gave  a  mixture  of  75%  /?-nitro  and  10%  dinitro 
derivative.  The  nitration  of  anisole  yielded  91%  p-nitro  anisole  as  the  single  product.  The 
results  are  summarized  in  Table  2 


Mont  K10  /  Fe(N03)3 
Hexane,  10  hr,  65  °C 


(2) 


X  =  H,  -CH3  OCH3j  -Cl 
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Table  1.  C-Nitration  with  nitrate  salt  supported  on  Montmorillonite  K10  clay 


Entry 


1 


2 


3 


4 


5 


Starting  material  Product  Time,  hr  %  Yield 


2.3  C-  Nitration  with  40%  nitric  acid  /  Montmorillonite  K10  system 

We  have  also  carried  out  the  nitration  reaction  reaction  over  montmorillonite  K10  clay 
using  40%  nitric  acid  as  the  nitrating  agent. 


Mont  K10/  40%  HN03 
Hexane,  5h,  65°C 


(3) 


X  =  H,  -CH3,  -OCH3i  -Cl 


The  methodology  was  the  same  as  that  described  for  C-nitration  with  ferric  nitrate 
supported  on  montmorillonite  K10  clay.  The  only  difference  is  the  use  of  40  %  nitric  acid  as 
the  nitrating  agent.  In  this  case  the  reaction  was  found  to  complete  around  5  hr  which  was 
only  half  of  the  time  compared  to  the  ferric  nitrate  case.  Here  the  substrate  also  showed  p- 
selectivity  with  good-to-excellent  yields. 
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Table  3:  Nitration  of  aromatic  hydrocarbons  using  40%  HNO3  /  Montmorillonite 
K10  system 

Entry  Starting  material  Product  Time, hr  %  Yield 


1 


2 


3 


4 


5 


5 


5 


5 


5 


24 


99 


81 


90 


35 


91 


3.  REGENERABILITY  OF  THE  SOLID  ACID  CATALYST  MONT  K10 

The  catalyst  filtered  from  the  reaction  mixture  was  thoroughly  washed  with  acetone  and 
dried  at  110  °C  for  3  hr  in  an  air  oven.  This  was  then  directly  used  in  a  fresh  reaction.  The 
process  was  repeated  in  five  cycles  and  no  considerable  change  was  observed  in  the  activity 
of  the  catalyst. 

3.1  Experimental 

General  procedure  for  the  C-  nitration  of  aromatic  amines  with  potassium  nitrate 

Nitration  of  the  4,  4’-diaminodiphenylmethane  was  accomplished  in  the  following  way. 
In  a  typical  experiment,  to  an  ice  cold  solution  of  4,  4  -diaminodiphenylmethane  (0.05M, 
9.9  g)  in  concentrated  sulfuric  acid  (18M,  40  ml),  was  added  a  solution  of  potassium  nitrate 
(10.1  g)  in  cone. sulfuric  acid  (18M,15ml)  over  a  period  of  1  hr.  Stirring  was  continued  for 
another  3  hr,  keeping  the  reaction  mixture  below  5  °C.  The  reaction  mixture  was  then  poured 
into  crushed  ice  and  neutralized  with  ice-cold  ammonia  solution.  The  yellow  solid  was 
collected  on  a  filter  and  washed  with  water  and  dried.  Crystallization  of  this  product  from 
dioxane-alcohol  mixture  afforded  4,4’-diamino-2,2’-dinitrodiphenylmethane  as  yellow 
flakes,  (mp.  206-208  °C).  Analysis:  found  C  54.11,  H  4.18,  N  19.33%;  required  for 
C13H12N4O4:  C  54.16,  H  4.16,  N  19.44%. 

4,  4’-Diamino-3,  5,37,  5-tetramethyl-2,  2-dinitrodiphenylmethane:  (mp.  226°C). 
Analysis:  found,  C  59.33,  H  5.62,  N  16.34%;  required  for  CnH^CC:  C  54.16,  H  4.16,  N 
19.44%. 
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3.2  Preparation  of  Montmorillonite  K10  clay  supported  ferric  nitrate 

The  reagent  was  prepared  by  the  procedure  reported  by  Laszlo  et  al.  In  a  typical 
preparation,  ferric  nitrate  monohydrate  (22. 5g)  was  added  to  acetone  (375ml)  and  the 
mixture  was  stirred  well.  Montmorillonite  K10  clay  (30g)  was  then  added  to  it  in  small 
amounts  and  stirring  was  continued  for  another  5  minutes.  The  solvent  was  removed  by 
distillation  under  reduced  pressure  and  water  is  removed  by  placing  it  on  a  water  bath  at 
50°C  for  30  minutes.  The  dry  solid  thus  obtained  was  again  heated  on  a  waterbath  for 
another  30  minutes  and  the  reagent  thus  obtained  (~  50g)  was  used  for  the  nitration. 

3.3  General  procedure  for  the  nitration 
with  Clay  supported  ferric  nitrate. 

The  following  procedure  for  the  preparation  of  nitrobenzene  is  representative.  A  dry 
250ml  round  bottomed  flask  was  fitted  with  a  Dean  -  Stark  apparatus  and  was  charged  with 
benzene  (7.8  g.  0.1  mol)  and  10  g  of  clay  supported  ferric  nitrate.  To  this  100  ml  of  dry 
hexane  was  added  and  the  setup  was  fitted  with  a  water-cooled  reflux  condenser  and 
refluxed  for  10  hr.  Then  the  clay  supported  reagent  residue  was  filtered  off  and  the  solvent 
was  removed  under  reduced  pressure  .Vacuum  distillation  of  the  left  over  mixture  yielded 
pure  mono-nitrobenzene  (39.5%) 
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Abstract: 

The  development  of  new  energetic  salt  compounds  composed  by  an  ammonium  cation 
fixed  on  an  energetic  nitrogen  heterocycle  and  a  nitrate  anion  are  presented  here.  On 
one  hand,  these  materials  are  more  stable  than  their  counterpart  with  nitro  groups 
because  of  ionic  charges  which  increase  the  cohesive  energy.  Despite  the  latter  reduces 
the  solid  state  heat  of  formation,  the  presence  of  ammonium  and  nitro  groups  on  the 
energetic  backbone  decreases  this  effect.  On  the  other  hand,  the  nitrate  group  provides 
the  oxygen  necessary  to  generate  stable  reaction  products.  Moreover,  the  synthesis  of 
these  compounds  requires  methods  to  estimate  their  performances  which  depend  on  the 
density  and  the  heat  of  formation.  This  provides  information  to  lead  chemists  to 
promising  components.  A  contribution  groups  method  to  estimate  the  density  and  semi- 
empirical  methods  to  evaluate  the  heat  of  formation  of  salts  have  been  developed 
because  of  the  lack  of  suitable  methods  for  ionic  species. 

Keywords:  molecular  modeling,  molecular  mechanics,  crystal  packing, 

ionic  crystal 


1.  INTRODUCTION 

The  design  of  materials  environmentally  friendly  and  with  low  sensibility  is  presented 
here.  The  development  of  salts  composed  by  an  heterocycle  bearing  an  ammonium  nitrate 
group  (N+,  NOf)  could  be  facilitated  and  accelerated  by  computational  models  to  determine 
their  energetic  properties  which  lead  chemists  to  identify  promising  components.  The  first 
part  emphasizes  the  interest  of  energetic  salts.  In  the  second  part,  we  examine  models  to 
determine  energetic  properties  as  density  or  solid  state  heat  of  formation  (AHf)  for  energetic 
salts  materials. 

2.  INTEREST  OF  SALTS 

Ammonium  salts  as  ammonium  perchlorate,  nitrate  or  dinitramide  salts  have 
applications  potential  for  propulsion  f1'2,3,41.  Their  performances  strongly  depend  on  their 
densities,  their  stoichiometries  and  solid-state  heats  of  formation.  Some  of  these  have 
interesting  thermal  stability,  a  low  mechanical  sensibility,  a  low  toxicity  and  may  be 
produced  economically  161 .  Moreover,  salts  have  low  vapour  pressures  eliminating  the  risk  of 
inhalation  151  and  a  satisfactory  thermal  stability. 

Among  ammonium  salts,  ammonium  nitrate  compounds  are  those  which  have  a  fair 
stability  as  shows  the  table  1  .This  interesting  feature  is  especially  due  to  electrostatic  energy 
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created  by  atomic  charges  interactions  present  in  their  crystal  structure  171 .  Indeed,  the 
coulombic  contribution  of  salts  dominates  the  lattice  energy  and  increases  the  cohesion  of 
the  materials  f8' . 

Table  1.  Example  of  energetic  salts  and  their  major  properties, 
a  :  at  75  °C 
b  :  kg.  cm 


Salt  name 

Density3  [S1 

T  [5] 

1  dec 

Melting 
point3  [5] 

Impactb  |S| 

4-amino- 1,2, 4- 
triazolium  nitrate 

1.6 

180°C 

69°C 

>200 

1 ,2,4-triazolium 
nitrate 

1.64 

182°C 

137°C 

>200 

1,2,3-triazolium 

nitrate 

1.57 

110°C 

110°C 

>200 

4-amino- 1,2,4- 

triazolium 

dinitramide 

“ 

20°C 

146°C 

<5 

1 ,2,4-triazolium 
dinitramide 

1.66 

75°C 

12°C 

98 

1,2,3-triazolium 

dinitramide 

1.66 

61°C 

80°C 

- 

As  shows  the  figure  1  salts  may  exhibit  high  densities  (because  of  their  crystalline  state) 
and  quite  equilibrated  oxygen  balances  (because  of  availability  of  oxygen  rich  ions,  like 
nitrate)  necessary  for  the  formation  of  stable  decomposition  products.  These  features  could 
make  up  for  the  very  negative  contribution  to  the  solid-state  heat  of  formation  associated 
with  the  cohesive  energy. 


Fig  1. 


density 


solid  salt 


\ 

: _  liquid  _ 2 

enthalpy  oxygen  balance 

scheme  illustrating  tne  trade-oil  between  relevant  properties  of  different 
kinds  of  energetic  materials. Liquids  tend  to  have  poor  densities,  salts  often 
have  low  enthalpies,  while  it  is  difficult  to  get  molecular  crystals  with 
optimized  the  oxygen  balance. 
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In  addition,  the  heat  of  formation  may  be  enhanced  by  high  value  of  gas  phase 
contribution.  For  instance,  the  ammonium  nitrate  groups  contributes  positively  to  the  energy 
content  of  the  compounds,  as  shown  in  figure  2.  A  drawback  of  the  -NH3+  ammonium  is  the 
low  density  ,9'  associated  with  the  hydrogen  atoms.  However,  this  negative  effect  on  the 
density  can  be  mitigated  by  the  use  of  high  density  backbone.  In  fact,  the  best  performances 
should  results  from  a  trade-off  between  the  fair  stability  and  relative  ease  of  synthesis  of 
salts  and  the  high  density  and  enthalpy  of  energetic  compounds.  In  addition  the  another  goal 
of  the  backbone  is  to  increase  the  distances  between  charges  and  hence  reducing  the 
cohesive  energy  and  increasing  AHf(s). 


Fig  2.  Gas  phase  enthalpy  for  benzene,  trinitrobenzene  and 
amminodinitrobenzene  nitrate 

Two  reasons  have  motivated  the  design  of  ammonium  nitrate  salts.  First,  for  the  most 
energetic  compounds,  oxygen  is  provided  by  the  explosive  -NCF  group.  Nevertheless,  the 
add  of  too  many  groups  affect  the  stability  of  molecules.  Their  replacement  by  nitrate  is 
easier  and  put  ionic  charges  in  materials  which  increase  the  cohesion  and  form  ordered  and 
dense  lattice  structure.  Second,  ammonium  nitrate  salts  are  more  stable  than  other  salts 
composed  by  dinitramide  anion  as  shown  in  the  table  1 .  So  their  synthesis  is  easier  because 
they  require  only  an  acid-base  reaction  between  an  amine  and  hydrochloric  acid  |S|.  In  other 
respect,  the  use  of  such  materials  avoid  the  environmental  problem  associated  with  the 
formation  of  HC1  during  the  combustion  of  ammonium  perchlorate. 

Therefore,  the  design  of  such  compound  (X-N+,  NO3')  is  more  efficient  if  relevant 
properties  as  density  and  AHf  can  be  calculated  ab  initio  i.e.  before  their  synthesis.  These 
determination  lead  chemists  to  select  promising  components. 

3.  COMPUTATIONAL  METHOD 
3.1  Density 

The  density  can  be  evaluated  by  group  contribution  methods  [1  ’  empirical  methods 
based  on  van  der  Waals  volumes  f12'  or  molecular  descriptors  [13'.  Volume  additivity  has  the 
advantage  of  speed  and  simplicity.  An  accurate  group  contribution  method  have  been 
derived  for  neutral  organic  compounds  containing  only  C,  H,  O,  N,  F  atoms  |l()|.  Recently 
this  method  has  been  extended  to  salts  by  deriving  standard  volumes  for  charges  groups 
containing  C,  H,  O,  N,  Br  and  Cl  atoms  r9'.  With  this  new  group  volumes,  the  density  of 
organic  salts  is  obtained  with  an  average  error  of  2.5%  ,9'  and  some  results  obtained  are 
presented  in  the  table  3.  This  method  adapted  for  organic  salts  is  useful  to  select  promising 
components. 
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3.2  Solid-state  enthalpy 

Solid-state  heats  of  formation  are  more  difficult  to  obtain  with  accuracy  needed  for 
thermochemical  calculation  i.e.  with  an  error  of  0.5  kJ.g"  .  AHf  (s)  of  energetic  compounds 
can  be  estimated  from  gas  phase  heat  of  formation  AHf  (g)  and  their  sublimation  enthalpy 
,14'.  But  methods  applied  to  neutral  compounds  using  semi-empirical,  analytical  expressions 
1141  to  evaluate  sublimation  enthalpy  is  though  not  applicable  to  salts.  Long  range 
interactions  (electrostatic  energy)  191  present  in  salts  structures  require  molecular  packing 
constructions  or  semi  empirical  expression  to  evaluate  the  cohesive  energy.  AHf  (s)  is 
estimated  from  gas  phase  enthalpy  AHf  (g)  and  cohesive  energy  ECOh  of  salts  structure 
according  to  the  following  equation  [S|  : 

AHf(s)  =  AHf(g)  -  Ecoh-2RT  (1) 

where  T  is  the  temperature  and  R  the  ideal  gas  constant.  Using  this  model,  a  method  has 
been  developed  to  determinate  the  solid  state  heat  of  formation.  AHf  (s)  may  be  estimated 
using  standard  quantum  chemical  methods  fS|.  ECOh  is  represented  by  a  point  charges  model 
with  CHELPG  charges  computed  from  crystal  structures  |S|.  Its  application  to  known  salts 
yields  satisfactory  results  [S|.  However,  the  design  of  salts  requires  estimations  of 
performances  before  their  synthesis  i.e  the  determination  of  the  cohesive  energy  without 
crystal  structure. 

3.3  Cohesive  energy 

To  predict  the  cohesive  energy,  we  have  developed  a  semi-empirical  model  which 
predicst  the  cohesive  energy  of  salts  from  ab  initio  data  crystals  extracted  from  CSD 
database  riS|  and  containing  C,  H,  O,  N  and  S  atoms.  We  have  developed  a  model  to  predict 
the  cohesive  energy  with  no  need  of  RX  salt  structures.  This  method  computes  the  lattice 
energy  from  atomic  charges  and  geometry  of  isolated  ions  which  composed  an  organic  salts 
as  shows  the  equation  2.  In  addition  to  terms  depending  on  charges  parameters  and 
interatomic  distances,  an  another  term  which  depends  on  the  size  of  the  system  should  be 
included.  Indeed,  as  shown  in  the  figure  3,  we  can  see  that  the  crystals  cohesive  energies 
depend  on  the  average  number  of  atoms  in  the  constitutive  compounds  N  (for  instance,  if  the 
crystal  is  made  only  of  anions  (A)  and  cations  (C)  then  N  =  I*(N  +N  \  ). 

2  v  a  c) 

6  | - - 1 - . - 1 - 1 - ■ - , - - , - 


Fig  1.  Graph  of  the  crystals  cohesive 
energies  (kJ.g"1)  versus 
the  average  number  of  atoms 
(TV)  in  the  constitutive 
compounds 
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Cohesive  energy  has  been  computed  from  point  charges  (PC)  model  with  atomic  charges 
derived  from  CHELP  procedure  at  B3LYP/6-31G*  level f9'.  From  isolated  ions  optimized  at 
B3LYP/6-31G*,  atomic  charges  derived  from  CHELP  procedure  at  B3LYP/6-31G*  and 
geometries  of  ions  allow  to  calculated  parameters  for  our  calibration.  The  expression 
obtained  by  the  calibration  procedure  is  the  following  equation  (2)  : 


f  coh  — 


_Q 


m°y»l 


Ri, 


Al+^ 


'V'*  -!,vv  H.\  -  A  i-f  H  \  -  A  ! 


(2) 


Qmoy  is  the  average  of  the  absolute  charges  of  anion  and  cation,  Qmoy+  and  Qmoy  are 
the  average  charge  of  the  positive  and  negative  charges  respectively,  Rmtjs  the  average  of  the 
interatomic  distances  between  atoms  of  ionic  molecules.  The  second  moment  S+  and  8-  are 
moments  of  positive  (q  +  )  and  negative  (q  )  charges  with  respect  to  their  respective 

means  0  +  and  0  .  N  is  the  average  number  of  atoms  in  the  constitutive  compounds. 

Table  1.  Definition  of  parameters  contained  in  equation  2.( Nat  is  the  number  of 
atoms  in  the  constitutive  compounds) 
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This  method  yields  an  average  calibration  error  of  0.40  kJ.g"1  for  300  crystal  salts 
and  a  validation  procedure  obtained  from  123  compounds  yields  a  average  error  of  0.50  kJ.g‘ 
'.  This  method  has  been  assessed  to  determine  the  solid-states  enthalpy  via  the  equation  1. 
This  results  will  be  shown  in  the  oral  presentation. 

4.  CONCLUSION 

Ammonium  nitrate  salts  exhibit  interesting  features  as  energetic  compounds.  Moreover, 
computational  methods  developed  to  determine  densities  and  solid-state  enthalpies  should  be 
useful  for  the  design  of  new  energetic  salts  as  components  of  propellants. 
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Abstract: 

FOX-7  is  commonly  produced  by  the  nitration  of  2-methylpyrimidine-4,6(3H,5H)-dione. 
However  this  method  forms  dinitromethane  as  an  unwanted  by-product  since  the  nitrated 
intermediate  has  been  nitrated  at  C-5  as  well  as  in  the  required  methyl  group.  We  have  now 
studied  the  nitration  of  several  related  2-methylpyrimidinedione  and  methyl- 1,3, 5 -triazine 
systems  in  the  hope  that  their  nitrated  products  would  also  give  FOX-7  on  hydrolytic 
decomposition,  but  without  forming  unwanted  by-products.  Unfortunately,  this  expectation 
was  not  realised.  Whilst  nitration  in  the  methyl  group  did  occur  in  all  cases,  reaction  did 
not  stop  at  the  required  dinitromethyl  stage.  In  most  cases  the  trinitromethyl  derivative  was 
formed,  and  in  some  cases  this  underwent  C-C  bond  cleavage. 

Keywords:  1,1 -Diamino-2, 2-dinitroethene,  FOX-7,  nitration 


1.  INTRODUCTION 

1,1 -Diamino-2, 2-dinitroethene  (I),  also  known  as  FOX-7,  has  generated  considerable 
interest  in  recent  years  as  an  explosive  with  relatively  high  performance  and  low  sensitivity  to 
both  friction  and  impact  .  It  was  originally  synthesised  via  nitration  of  2-methylimidazole  f2', 
but  more  recently  nitration  of  2-methylpyrimidine-4,6(3//,5//)-dione  (II)  has  been  shown  to  be 
the  method  of  choice  13,4,51 .  However,  nitration  of  2-methylpyrimidine-4,6(3//,5//)-dione  has  a 
significant  disadvantage.  Nitration  occurs  not  only  on  the  desired  methyl  group,  but  also  on  the 
C-5  methylene  group  (Fig.  1).  Nitrating  agent  is  thereby  wasted  and  dinitromethane  is  an 
unwanted  by-product. 
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Fig  1.  Formation  of  FOX-7  (I)  from  IF 

It  was  envisaged  that  the  use  of  heterocyclic  precursors  that  were  unable  or  unlikely  to 
nitrate  at  position  5  (relative  to  N  atoms  at  positions  1  and  3)  might  furnish  1,1 -diamino-2, 2- 
dinitroethene  via  nitration  of  the  methyl  group  without  concomitant  nitration  in  other  parts  of 
the  molecule. 


2.  RESULTS  AND  DISCUSSION 

2.1  Nitration  of  2-methylpyrimidine-4, 6(311, 5H)-dione  (II) 

The  optimum  yield  of  FOX-7  is  obtained  when  II  is  nitrated  with  mixed  acid  containing 
around  5  equivalents  of  HNO3,  4  equivalents  being  required  to  form  the  tetranitro  intermediate. 
When  less  than  4  equivalents  of  HNO3  are  used,  the  yield  of  FOX-7  is  reduced  and  it  is 
accompanied  by  only  one  nitrated  pyrimidine,  the  5-nitro  derivative  III  (Fig.  2).  The  latter  is 
formed  within  minutes  of  the  addition  of  the  HNO3  to  the  H2SO4  solution  of  the  substrate. 
Taken  together,  these  results  indicate  that  nitration  to  the  mono-nitro  derivative  is  relatively  fast, 
nitration  to  a  di-nitro  derivative  is  slow  (allowing  isolation  of  the  mono-nitro  derivative)  and 
further  nitration  is  fast  (preventing  the  isolation  of  any  other  intermediate  before  the  tetra-nitro 
derivative  is  formed).  The  relatively  slow  rate  of  the  second  nitration  is  probably  a  consequence 
of  the  destruction  of  the  aromatic  system  when  the  5,5-dinitro  derivative  is  formed.  This  also 
probably  facilitates  enolisation  onto  the  methyl  group  and  further  nitration  at  that  centre. 


Fig  2.  Nitration  of  II. 
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2.2  Nitration  of  6-methyl-l,3,5-triazine-2,4(lH,  3H)-dione  (IV) 

It  had  been  demonstrated  f6',  via  deuterium  exchange,  that  under  acidic  conditions,  the 
hydrogen  atoms  in  the  methyl  group  of  6-methyl- 1, 3, 5-triazine-2, 4(1//,  3//)-dione  (IV)  are 
labile,  and  a  species  with  an  exocyclic  methylene  group  was  suggested  to  be  involved.  It 
therefore  seemed  likely  that  this  molecule  would  undergo  nitration  at  the  methyl  group  (Fig.  3). 


HN03 
- - — ► 

h2so4 


o2n 


h2o 

-co2 


h2n  nh2 
o2n  no2 


(IV) 


(I) 


Fig  3.  Anticipated  nitration  of  IV. 

The  nitration  of  6-methyl- 1, 3, 5-triazine-2, 4(1//,  3//)-dione  (IV)  was  initially  performed 
under  identical  conditions  to  those  used  for  the  nitration  of  2-methylpyrimidine-4,6(3//,  5/Z)- 
dione  (II)  viz.  HNO3/H2SO4  at  25°C.  Under  these  conditions  no  colour  developed,  no  solid 
separated  and  no  precipitate  was  formed  on  addition  of  the  reaction  mixture  to  water.  It  was 
subsequently  discovered  that  there  was  no  evidence  of  nitration  even  after  1 1 8h  at  25°C.  When 
the  temperature  was  raised  to  80°C,  nitration  did  occur,  but  not  to  give  the  anticipated  product. 
After  20h  at  80°C,  the  products  were  2,4,6-trihydroxy-l,3,5-triazine  (V)  and  tetranitromethane 
(VI)  (Fig.  4).  This  suggested  that  the  nitration  had  occurred  as  anticipated,  but  that  the 
intermediate  had  then  undergone  further  nitration  with  cleavage  of  the  original  C-CH3  bond.  It  is 
possible  that  2-methylpyrimidine-4,6(3//,  5//)-dione  (II)  does  not  undergo  an  analogous 
cleavage  process  under  normal  conditions  due  to  precipitation  of  the  tetra-nitrated  intermediate. 
Indeed,  when  the  normal  nitration  (25 °C)  of  2-methylpyrimidine-4,6(3//,  5//)-dione  (II)  was 
followed  by  heating  at  80°C,  degradation  of  the  tetra-nitrated  intermediate  occurred.  Nitration  of 
IV  with  concentrated  HNO3  alone  also  gave  2,4,6-trihydroxy-l,3,5-triazine  (V),  even  at  room 
temperature  (60%  after  46h,  and  84%  after  166h). 
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H 


X  =  H  or  NO2  or  other  alternatives 


Fig  4.  Observed  nitration  of  IV. 


2.3  Nitration  of  2,4-dimethoxy-6-methyl-l,3,5-triazine  (VII) 

Nitration  of  2,4-dimethoxy-6-methyl-l,3,5-triazine  (VII),  an  intermediate  in  the  synthesis 
of  IV,  using  HNO3/H2SO4  gave  a  clean  conversion  to  the  known  fS|  2,4-dimethoxy-6- 
trinitromethyl-l,3,5-triazine  (VIII)  in  moderate  yield  (57%)  (Fig.  5). 


77 


OMe 


Fig  5.  Nitration  of  VII. 


However  when  2,4-dimethoxy-6-methyl-l,3,5-triazine  (VII)  was  nitrated  with  nitric  acid 
alone,  the  product  (~60%)  was  3,4-bis(3',5'-dimethoxy-s-triazinyl)-l,2,5-oxadiazole  2-oxide 
(IX),  a  furazan  N-oxide  derivative,  together  with  a  small  amount  of  the  former  trinitromethyl 
derivative  (VIII)  (Fig.  5).  Neither  product  could  be  converted  to  the  other  by  treatment  under  the 
alternative  nitration  conditions.  Furazan  N-oxides  are  commonly  formed  191  by  uncatalysed 
dimerisation  of  nitrile  oxides.  In  this  case  it  is  probable  that  mono -nitration  of  the  methyl  group 
leads,  via  tautomerisation  and  loss  of  water,  to  a  nitrile  oxide  which  then  dimerises.  Under  the 
more  forcing  conditions  of  mixed  acid  nitration,  the  mono-nitro  derivative  is  further  nitrated 
before  it  can  convert  to  the  nitrile  oxide  and  thence  dimer  (Fig.  5). 

Although  VIII  was  not  the  desired  product,  it  was  hoped  that  selective  removal  of  one  of  the 
nitro  groups  followed  by  hydrolytic  removal  of  the  methoxy  groups  might  furnish  1,1 -diamino- 
2, 2-dinitroethene  (I).  Treatment  of  VIII  with  methanolic  KI  using  the  method  of  Glover  and 
Kamlet[10]  did  produce  the  potassium  salt  of  2,4-dimethoxy-6-dinitromethyl-l,3,5-triazine  (X). 
However  hydrolysis  of  X  under  conditions  used  for  the  hydrolysis  of  VII  to  IV  (5M  HC1) 
gave  2,4,6-trihydroxy-s-triazine  (V,  cyanuric  acid)  (Fig.  6). 
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Fig  6.  Cleavage  of  VIII. 
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2.4  Nitration  of  2,5-dimethylpyrimidine-4,6(3H,5H)-dione  (XI) 

Nitration  of  2,5-dimethylpyrimidine-4,6(3H,5H)-dione  (XI)  with  mixed  acid  (4  equivalents 
of  HNO3)  did  not  give  the  expected  trinitro  derivative  XII  but  nitroform  (isolated  as  its 
potassium  salt)  (Fig.  7).  This  was  still  the  only  isolated  product  when  only  1  equivalent  of 
HNO3  was  used. 


HC(N02)3 


Fig  7.  Anticipated  vs  observed  nitration  of  XI. 


2.5  Nitration  of  5,5-dialkyl-2-methylpyrimidine-4,6(3H,5H)-dione  (XIII) 

Two  5, 5 -dialkyl  derivatives  (R  =  Me,  Et)  were  synthesised  and  their  nitration  studied. 
Nitration  of  the  diethyl  derivative,  using  either  mixed  acid  or  HNO3  alone,  required  the  more 
severe  conditions  that  were  required  for  the  triazine  IV.  The  only  isolated  product  was  5,5- 
diethylpyrimidine-2,4,6-trione  (5,5-diethylbarbituric  acid)  (Fig.  8).  The  dimethyl  derivative 
behaved  similarly,  but  in  this  case  the  initially  precipitated  product  re-dissolved  and  the  final 
product  was  2,2-dimethylmalonic  acid  (Fig.  8). 
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(XIII) 

Fig  8.  Nitration  of  XIII. 


3.  CONCLUSIONS 

We  conclude  that  those  systems  viz.  6-methyl-l,3,5-triazine-2,4(l//,  3//)-dione  (IV)  and  the 
5,5-dialkyl-2-methylpyrimidine-4,6(3//,5//)-diones  (XIII),  which  we  considered  would  be 
forced  to  nitrate  in  the  methyl  group,  did  in  fact  do  so,  but  nitration  in  this  position  was  less 
controlled  than  in  the  case  of  2-methylpyrimidine-4,6(3//,5//)-dione  (II)  and  led  to  the 
elimination  of  the  methyl  group  (as  a  polynitromethane)  and  its  replacement  by  a  carbonyl 
function.  The  selectivity  in  the  case  of  2-methylpyrimidine-4,6(3//,5T/)-dione  (II)  may  be  due, 
as  least  in  part,  to  the  insolubility  of  its  tetranitro  derivative. 


4.  WARNING 

1,1  -Diamino-2, 2-dinitroethene  and  various  nitrated  derivatives  described  here  are 
potentially  explosive  and  should  be  treated  with  appropriate  precautions  e.g.  use  protective 
shielding  and  avoid  friction,  impact  and  vigorous  heating. 


80 


REFERENCES 


[1]  H.  OSTMARK,  H.  BERGMAN,  U.  BEMM,  P.  GOEDE,  E.  HOLMGREN,  M.  JOHANSSON, 
A.  LANGLET,  N.V.  LATYPOV,  A.  PETTERSSON,  M-L.  PETTERSSON,  N.  WINGBORG, 
C.  VORDE,  H.  STENMARK,  L.  KARLSSON  and  M.  HIHKIO,  2, 2-Dinitro-ethene- 1,1 -diamine 
(FOX-7)  -  properties,  analysis  and  scale-up,  ICT  Conference  on  Energetic  Materials,  Karlsruhe, 
Germany,  26-1  to  26-21,  July  2001 

[2]  N.  V.  LATYPOV,  J.  BERGMAN,  A.  LANGLET,  U.  WELLMAR  and  U.  BEMM,  Synthesis 
and  reactions  of  1,1 -diamino-2, 2 -dinitroethylen,  Tetrahedron,  54,  11525-11536,  1998. 

[3]  N.  V.  LATYPOV,  A.  LANGLET  and  U.  WELLMAR,  Synthesis  of  diaminodinitroethylene 
explosive  by  nitration  and  hydrolysis  of  intermediates,  PCT  Int.  Appl.,  WO  9903818  Al,  1999. 

[4]  A.  A.  ASTRAT’EV,  D.  V.  DASHKO,  A.  Y.  MERSHIN,  A.  I.  STEPANOV  and  N. 

A.  URAZGIL’DEEV,  Some  specific  features  of  acid  nitration  of  2-substituted  4,6- 
d ihy dr oxy pyrimidines.  Nucleophile  cleavage  of  the  nitration  products,  Russian  J.Org.Chem.,  37, 
729-733,  2001  (Zhur.org.Khim.,  37,  766-770,  2001) 

[5]  I.  J.  LOCHERT,  FOX-7,  a  new  insensitive  explosive,  Australian  Department  of  Defence  DSTO 
Report  No.  TR-1238,  November  2001 

[6]  M.  SAFTA,  F.  CHIRALEU,  A.  T.  BALABAN  and  G.  OSTROGOVICH,  s-Triazine  field  (new 
series).  VI.  Quantitative  study  of  active  methyl  groups  in  C-methyl-s-triazines.  I.  Hydrogen 
exchange  kinetics  of  6-methyl-s-triazine-2(lH),  4(3H)-dione  and  its  N-methyl  derivatives.  Revue 
Roumaine  de  Chemie,  17(12),  2055-2065,  1972 

[7]  G.  REMBARZ,  E.  FISCHER,  M.  KOBOW,  M.  MICHALIK  and  R.  OHFF,  Reactions 
of  2-alkyl(aryl)-4,6-dialkoxy-l ,3 ,5-triazines,  Wiss.Z.Univ.Rostock,  Math.-Naturwiss.Reihe,  21(2), 
113-117,1972 

[8]  A.  V.  SHASTIN,  T.  I.  GODDOVIKOVA,  S.  P.  GOLOVA,  L.  I.  KHMEL'NITSKII  and 

B.  L.  KORSUNSKII,  Nucleophilic  substitution  reactions  of  2,4,6-tris(trinitromethyl)-l,3,5-triazine. 

I.  Reaction  of  2,4,6-tris(trinitromethyl)-l,3,5-triazine  with  alcohols,  diols,  ammonia  and  secondary 
amines,  Khim.Geterotsikl.  Soedin,  674-678,  1995 

[9]  G.  BARBARO,  A.  BATTAGLIA  and  A.  DONDONI,  Kinetics  and  mechanism  of  dimerization 
of  benzonitrile  N-oxides  to  furazan  N-oxides,  J.Chem.Soc.(B),  588-592,  1970 

[10]  D.  J.  GLOVER  and  M.  J.  KAMLET,  Reaction  of  trinitromethyl  compounds  with  potassium  iodide, 

J. Org.Chem.,  26,  4734-4735,  1961 


81 


A  1:1  HNS-DIOXAN  COMPLEX 


A.J.  Bellamy  and  T.P.  Price 

Department  of  Environmental  and  Ordnance  Systems,  Cranfield  University, 
Royal  Military  College  of  Science,  Shrivenham,  Swindon  SN6  8LA,  UK 


Abstract: 

HNS  IV  is  commonly  produced  by  crash  precipitation  of  a  DMF  or  NMP  solution  into 
water.  The  product  usually  contains  0.5-1. 5  wt%  of  solvent  trapped  inside  the  HNS  crystals. 
This  residual  solvent  may  be  removed  by  washing  with  methanol  containing  dioxan. 
However  this  also  causes  a  dramatic  change  in  particle  shape  and  size,  and,  unless  further 
washed  with  pure  methanol,  the  product  will  contain  a  considerable  amount  of  dioxan.  We 
have  found  that  this  dioxan- containing  HNS  is  in  fact  a  1:1  complex  with  a  different  crystal 
structure  to  that  of  pure  HNS.  The  dioxan  may  be  removed  from  the  complex  by  either 
heating  above  the  boiling  point  of  dioxan  or  washing  with  methanol.  This  does  not 
significantly  change  the  outward  appearance  of  the  crystals,  but  it  does  change  the  inner 
structure  to  that  of  normal  HNS. 

Keywords:  hexanitrostilbene,  HNS  IV,  dioxan,  complex 


1.  INTRODUCTION 

The  finely  divided  form  of  hexanitrostilbene,  commonly  known  as  HNS  IV,  is  usually 
prepared  by  the  addition  of  a  solution  of  HNS  in  an  organic  solvent  e.g.  DMF 
(N,N-dimethylformamide)  or  NMP  (N-methylpyrrolidin-2-one),  to  water  (crash  precipitation). 
The  product  typically  has  a  specific  surface  area  of  15-30  m“g"  .  HNS  IV  prepared  by  this 
method  has  been  found  to  contain  0.5- 1.5  wt%  of  the  original  solvent  [1,2'  and  this  cannot  be 
removed  by  washing  with  water.  Since  the  HNS  IV  may  be  required  for  incorporation  into  a 
slapper  detonator  system,  it  is  deemed  necessary  to  remove  this  occluded  solvent.  A  method  for 
removing  the  solvent  has  already  been  described  f1'.  This  involves  washing  the  HNS  IV  with 
methanol  containing  dioxan.  Unfortunately  this  also  causes  a  dramatic  change  in  particle  shape 
and  size,  and,  unless  further  washed  with  pure  methanol,  the  product  contains  a  considerable 
amount  of  dioxan. 

2.  RESULTS  AND  DISCUSSION 

The  initial  product  from  crash  precipitation  consists  of  fine  particles  of  ill-defined  shape 
(see  Figure  1).  When  these  are  washed  with  methanol: dioxan  (80:20),  the  particles  undergo  a 
dramatic  ‘recrystallisation’  to  form  needle-shaped  crystals  (see  Figure  2).  [This  change  occurs 
within  <5s  when  observed  under  an  optical  microscope  (xlOOO).]  Our  study  of  this  washed 
material  using  1 H  NMR  spectroscopy,  differential  scanning  calorimetry  (DSC), 
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thermogravimetic  analysis  (TG),  FTIR  spectroscopy,  scanning  electron  microscopy  (SEM)  and 
X-ray  crystallography,  has  shown  that  it  is  in  fact  a  1 : 1  complex  of  HNS  and  dioxan. 

*H  NMR  spectroscopy  (DMSO-d6)  showed  3  singlets  integrating  for  Ar  (5  9.11ppm, 
3.84H),  CH=CH  (5  7.14ppm,  2.00H)  and  dioxan  (5  3.57ppm,  7.34H)  (see  Figure  3).  DSC 
analysis  showed  an  endotherm  at  112°C,  whilst  TG  analysis  showed  a  mass  loss  of  16.4% 
between  40  and  120°C  (see  Figure  4;  theoretical  for  a  1:1  complex  16.37%).  The  SEM  picture 
of  the  sample  after  loss  of  dioxan  through  heating  (TG)  still  showed  crystals  of  needle-like 
appearance,  but  the  surface  of  the  crystals  appeared  porous  (Figure  5). 

The  FTIR  (KBr)  spectrum  of  HNS  IV  containing  residual  NMP  (Figure  6)  was  identical  to 
that  of  HNS  I,  but  after  washing  with  methanokdioxan  the  spectrum  had  changed  significantly 
(Figure  7).  Superficially  it  had  become  a  combination  of  the  spectra  of  HNS  and  dioxan  (Figure 
8),  but  with  shifts  in  peak  positions.  The  spectrum  of  the  sample  after  heating  to  140°C  in  a  TG 
experiment  viz.  after  loss  of  the  dioxan,  was  again  identical  to  that  of  HNS  I.  X-ray  powder 
analysis  also  showed  changes  (see  Figure  9)  that  indicated  the  washed  material  was 
morphologically  different  from  HNS  IV.  The  original  HNS  IV  exhibited  the  same  lines  as  HNS 
I  and  HNS  II,  but  with  different  intensities,  the  methanokdioxan  washed  material  exhibited 
many  new  lines,  but  on  heating  (TG)  the  pattern  reverted  to  that  of  HNS  IV. 

The  same  complex  may  also  be  prepared  by  rapidly  adding  a  saturated  NMP  solution  of 
HNS  to  dioxan  (equal  volumes),  although  in  this  case  the  particles  are  very  much  larger. 

A  range  of  charge -transfer  complexes  of  HNS  with,  for  the  most  part,  substituted  anilines 
and  phenols  has  been  reported  131  but  this  does  not  include  dioxan.  In  most  cases  there  were  2 
molecules  of  complexing  agent  per  HNS  molecule.  A  1:1  charge -transfer  complex  of  HNS  with 
tetrathiafulvalene  has  also  been  reported  f4'.  As  with  HNS-dioxan  and  HNS  itself  when 
recrystallised  from  NMP  |51,  this  is  also  needle-like  in  appearance.  Both  HNS  f6'  and  HNS- 
tetrathiafulvalene  are  monoclinic.  A  full  crystal  structure  of  HNS-dioxan  is  not  yet  complete. 


3.  CONCLUSIONS 

Removal  of  occluded  solvent  (NMP  or  DMF)  from  HNS  IV  by  washing  with 
methanokdioxan  produces  a  1:1  complex  of  HNS  and  dioxan  which  is  needle-like  in 
appearance.  The  dioxan  may  be  removed  from  this  complex  by  either  further  washing  with 
methanol,  or  heating  above  the  boiling  point  of  dioxan.  Either  treatment  leaves  the  crystals  in 
the  needle  form,  with  a  porous  appearance. 
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Fig  1.  HNS  IV 


Fig  2.  HNS  IV  after  washing  with  methanol  :dioxan 
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ig  3.  'H  NMR  spectrum  (DMSO-d6)  of  HNS-dioxan 


Fig  4.  Thermogravimetric  analysis  (TG)  of  HNS-dioxan 
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Fig  5.  SEM  of  HNS-dioxan  after  heating  to  140°C 
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Fig  6.  FTIR  spectrum  of  HNS  IV  (KBr  disc) 


86 


10.0  15.0  20.0  25.0  30.0  35.0  40.0  45.0  50.0 


Fig  9.  X-ray  powder  data  for  various  HNS  samples. 
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Abstract: 

Modern  TLC  equipment  was  used  for  determination  of  l,3,5-trinitro-l,3,5-triazacyclohexane 
(RDX,  hexogen)  post-detonation  residues  in  environmental  samples.  Chromatographic  system 
suitable  for  the  analyte  separation  from  matrix  components  and  method  of  densitometric 
determination  of  RDX  was  proposed.  A  linear  dependence  of  densitometric  peak  areas  A  on  the 
analyte  mass  c  [ng]  in  the  chromatographic  band  was  received  (A  =  26.302 -c  -  484).  A  limit 
detection  (150  ng)  and  maximal  range  of  linear  measurements  (1800  ng)  were  determined. 
Methods  of  extraction  were  specified  and  recoveries  of  RDX  were  estimated  (they  were  about 
70%). 

Keywords:  RDX,  detection,  analysis,  TLC,  densitometry 


1.  INTRODUCTION 

Post-detonation  analyses  of  explosive  residues  are  directly  associated  with  combat,  and 
criminal  or  terrorist  activity.  Results  of  such  analyses  may  give  information  about  the  type, 
and  sometimes  also  about  the  source  of  explosives.  Only  a  few  works  devoted  to 
measurements  of  after-detonation  residues  of  an  explosive  can  be  found  [1, 21 .  Unfortunately, 
a  quantitative  characterization  of  this  process  (for  example  the  mass  of  an  explosive  which 
does  not  change  during  detonation  or  determination  of  the  influence  of  matrix  type  on  the 
recovery  and  quantity  of  the  explosive  residue)  is  not  recognized  and  that  is  why  we 
concentrated  our  attention  on  estimation  of  these  parameters.  In  this  paper  result  of  RDX 
analyses  are  presented. 

Analyses  were  carried  out  by  thin  layer  chromatography  (TLC). The  method  is  the  oldest, 
one  of  the  well-known  and  widespread  techniques  for  the  analysis  of  explosives  f3'.  Most  of 
the  works  concerning  selection  of  the  chromatographic  systems  and  techniques  of 
visualization  were  realized  at  the  end  of  the  XX  century.  These  early  studies  were  performed 
on  home  made  chromatographic  plates  and  involved  the  separation  of  classical  high 
explosives  such  as  TNT,  RDX,  HMX  and  PETN  |41.  Recently,  more  sophisticated  methods 
such  as  spectrophotometry,  thermal  analysis  and  column  gas  or  liquid  chromatography  are 
commonly  used  in  many  laboratories,  but  TLC  is  still  applied  (especially  in  the  instrumental 
version)  to  indicate  and  analyze  explosives  or  as  a  clean-up  technique. 
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2. 


EXPERIMENTAL 


The  possibility  of  identification  and  determination  of  RDX  residue  getting  into  matrixes 
(sand,  bricks  or  concrete)  located  in  the  direct  neighborhood  of  explosion  of  a  RDX  charge 
was  investigated.  The  results  obtained  were  also  used  for  estimation  of  the  mass  fraction  of 
RDX  that  did  not  react  in  the  detonation  wave.  Experimental  part  of  this  work  consisted  in: 
(i)  -  selection  of  chromatographic  systems  which  are  necessary  for  separation  of  the  analyte 
from  other  matrix  components  which  are  in  a  solution,  (ii)  -  estimation  of  quantitative 
relations  in  densitometric  measurements,  (iii)  -  evaluation  of  the  efficiency  of  different 
extraction  methods  from  the  point  of  view  of  maximization  of  recovery  and  purity  of  a 
sample  and  (iv)  -  measurements  of  post-detonation  explosive  residues. 

Apparatus  and  materials.  Applicator  LINOMAT  IV  (CAMAG);  horizontal 
chromatografic  chamber  DS;  densitometer  CS-9000  (SHIMADZU);  solid  phase  extraction 
set  (J.  T.  Baker);  chromatoplates  with  silica  gel  60  F254  HPLC  (MERCK,  catalog  number 
5548)  or  silica  gel  with  chemically  bounded  octadecyl  (MERCK,  catalog  number  5559); 
organic  solvents  (J.  T.  Backer,  MERCK);  explosive  standards  (Department  of  Explosives, 
Military  University  of  Technology). 

Selection  of  chromatographic  system.  Experiments  to  select  the  chromatographic 
systems  were  carried  out  with  the  standard  solution  in  acetone  with  concentration  of  10 
ng/pl.  The  solution  was  sprayed  (LINOMAT)  on  the  start  line  of  chromatoplates  in  the  form 
of  bands  4  mm  in  width.  The  chromatograms  were  developed  to  the  length  of  6  cm  in  the 
horizontal  chamber  DS.  The  correctness  of  separation  was  determined  on  the  basis  of 
observation  of  fluorescence  quenching.  The  best  separation  conditions  were  gained  in  the 
case  of  the  following  chromatographic  system:  stationary  phase  -  high-performance  silica 
gel,  mobile  phase  -  carbon  tetrachloride: acetonitrile  8:1  (v/v). 

The  determination  of  quantitative  relation^  =f(c)  (where  A  -  the  area  of  a  densitometric 
peak  in  relative  units  of  the  apparatus,  c  -  mass  [ng]  of  the  analyte  in  the  chromatographic 
band)  was  also  conducted  using  the  standard  RDX  solution  (10  ng/pl).  First,  absorption 
spectrum  of  RDX  was  measured  in  order  to  find  the  wavelength  corresponding  to  the 
absorbance  maximum  Amax.  Next,  by  scanning  of  a  chromatogram  {zig-zag  technique),  at  the 
characteristic  value  of  Amax,  the  amounts  of  the  analyte  were  determined.  To  measure  the 
detection  limit  a  quantity  of  the  analyte  was  chosen  for  which  the  densitometric  peak  area 
was  5  times  larger  than  the  largest  noise  peak.  The  average  results  from  five  measurements 
enabled  us  to  specify  the  equation  of  the  standardization  curve  and  evaluate  the  limit  of 
detection  and  the  maximum  range  of  linearity  of  detector  indications  (Tab.  1). 


Table  1.  Analytical  parameters  of  RDX 


Rf 

Amax 

[nm] 

Calibration  curve 

a  =AcT 

Correlation 
coefficient,  R“ 

Maximum  range 
of  linearity,  [ng] 

Detection 
limit,  [ng] 

0.28 

226 

A  =  26.302 -c  -  484 

0.9877 

1800 

150 

*A  -  surface  area  of  the  densitometric  peak,  c  -  mass  of  the  analyte  in  the  chromatographic  band  [ng] 
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These  parameters  were  also  used  for  an  assessment  of  the  RDX  recovery  in  extraction 
processes  and  for  determination  of  post-detonation  residues. 

Extraction.  Samples  of  bricks,  concrete  and  sand  of  20  g  in  mass  each  were  powdered 
and  contaminated  with  150  pg  of  RDX.  The  analyte  was  extracted  with  two  portions  of 
acetone,  12  ml  each,  in  an  ultrasonic  water  bath  (30°C,  25  minutes)  or  in  Soxhlet  apparatus 
(150  ml  of  acetone,  5  exchanges).  Extracts  were  dried  with  anhydrous  magnesium  sulfate, 
filtered  and  concentrated  to  about  5  ml  in  an  evaporator  and  then  in  nitrogen  stream  to  500 
pi.  A  5-pl  portions  of  the  obtained  solutions  were  placed  at  the  start  line  of  chromatoplates. 
After  developing  of  chromatograms  the  masses  of  the  analyte  in  bands  were  evaluated 
(conditions  of  chromatographic  analysis  and  scanning  were  the  same  as  during 
standardization  curve  measurements).  Results  of  the  analyses  are  presented  in  Tab.  2. 


Table  2.  Recoveries  of  the  analyte  from  different  matrixes 


Matrix 

Recovery,  [%]*/standard  deviation,  [%] 

Soxhlet  apparatus 

LSE,  ultrasonic 

Sand 

68.2/4.5 

69.2/4.6 

Concrete 

71.3/5.3 

71.8/4.8 

Brick 

72.0/6.3 

72.9/4.9 

*  -  an  average  value  from  5  experimental  results 


Measurements  of  after-detonation  residues  of  RDX.  Explosive  experiments  were 
conducted  in  a  steel  tube  with  inside  diameter  of  120  mm,  wall  thickness  of  30  mm  and 
length  of  800  mm.  The  tube  was  placed  on  a  steel  plate  of  10  mm  thick  which  was  used  as 
the  tube  lock,  Fig.  1. 


Fig  1.  A  scheme  ami  a  view  of  the  experimental  stand:  1  -  steel  tube, 

2  -  explosive  charge  and  matrix,  3  -  bottom  lock  of  the  tube,  4  -  tube  base 
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An  RDX  charge  of  25  g  in  mass  surrounded  by  the  matrix  material  was  positioned 
axially  inside  the  tube  at  a  distance  of  1/3  tube  length  measured  from  the  bottom.  Matrixes 
were  placed  in  paper  containers  or  foil  bags  and  then  fused  with  blasting  cap,  Fig.  2. 


Fig  2.  Photos  of  fused  RDX  charges  immersed  in  matrixes: 
1  -  sand,  2  -  brick,  3  -  concrete 


After  detonation  the  internal  tube  walls  were  swept  with  a  bore  brush,  the  tube  was 
taken  off  the  base  and  some  matrix  fragments  that  remained  on  it  (treated  like  representative 
samples)  were  analyzed.  Exemplary  results  of  densitometric  measurement  are  presented  in 
Fig.  3.  ' 


10.00  50.00  3.00  50.00  7  00  50.00 


Fig  3.  Results  of  densitometric  measurements  of  chromatograms  of  RDX  post¬ 
detonation  extracts  from  different  matrixes:  a)  -  brick,  b)  -  concrete, 
c)  -  sand,  abscissa  -  distance  of  elution,  ordinate  -  absorbance 
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In  each  case,  i.e.  regardless  of  the  matrix  type  and  the  analytical  purpose,  explosive 
experiments  and  consecutive  analyses  were  repeated  five  times  in  order  to  get  the  possibility 
to  assess  the  method’s  repeatability  and  measuring  errors.  Results  of  the  analyses  are 
presented  in  Tab.  3. 

Table  3.  Residues  of  RDX  in  matrixes  after  detonation  of  a  25-g  charge 


Matrix 

Results  of  analyses 

Mass  [pg] 

Standard  deviation  [%] 

Sand 

1134 

4.7 

Concrete 

676 

5.3 

Brick 

497 

4.7 

3.  CONCLUSIONS 

The  performed  experiments  have  shown  the  possibility  of  the  application  of  the  modem 
instrumental  TLC  for  an  analysis  of  RDX  residues  in  environmental  samples.  The  developed 
method  allows  qualitative  and  quantitative  analysis  of  RDX  in  samples  taken  from  the  close 
vicinity  of  the  explosive  charge.  One  should  emphasize  the  high  reliability  of  such  analyses, 
because  in  the  case  of  densitometric  measurements  it  is  possible  not  only  to  compare  the  Rf 
value  but  also  the  UV  spectra  of  the  analyte. 

An  analysis  of  the  experimental  results  enables  us  to  state  that  after  detonation  of  a  small 
explosive  charge  only  a  slight  amount  of  the  explosive  remains  in  environmental  samples 
taken  from  the  place  of  explosion.  The  mass  fraction  of  unreacted  RDX  calculated  as  a  ratio 
of  RDX  mass  found  in  a  matrix  to  the  mass  of  RDX  charge  equals  10~6M0~5.  This  value  is 
much  smaller  than  that  found  by  T.  Baran  121  who  detonated  big  explosive  charges. 

The  mass  of  RDX  residue  depends  on  the  type  of  matrix  and  it  increases  in  series: 
bricks<concrete<sand.  The  observed  differences  in  the  amount  of  unreacted  RDX  may  be 
caused  by  different  density  of  the  materials  surrounding  the  RDX  charge. 
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Abstract: 

In  the  paper  a  method  of  synthesis  of  carbonaceous  materials  in  self-propagating  heat 
waves  is  described  and  results  of  some  physical  and  chemical  investigations  of  the  ma¬ 
terials  are  presented.  The  chemical  (ultimate  analysis)  and  phase  (XRD)  composition  as 
well  as  the  microstructure  (SEM)  of  the  solid  reaction  products  were  determined.  Next 
the  relation  between  reactant  composition  and  heats  of  reaction  as  well  as  the  amount, 
type  and  structure  of  the  reaction  products  was  established.  It  was  shown  that  some  of 
the  obtained  materials  are  characterized  by  unique  structural  and  surface  properties. 

Keywords:  combustion  synthesis,  carbon  materials,  nitrogen  adsorption,  XRD, 

SEM 


1.  INTRODUCTION 

Combustion  synthesis  1,1  is  a  self-sustaining  chemical  process  leading  to  the  creation  of 
new  compounds  and  structures  as  a  result  of  thermally  initiated  chemical  reactions  in  a  mix¬ 
ture  of  substrates.  Chemical  reactions  occur  in  a  narrow  high  temperature  zone  propagating 
in  the  initial  mixture  at  a  velocity  ranging  from  a  few  mm/s  to  several  m/s.  This  zone  sepa¬ 
rates  the  substance,  which  has  not  reacted  yet,  from  the  reaction  products,  and  its  propaga¬ 
tion  in  a  medium  capable  of  exothermic  chemical  reactions  is  called  combustion  wave  f2'. 
Due  to  high  temperature  gradients  in  the  combustion  wave,  chemical  reactions  do  not  reach 
equilibrium  and  therefore  the  combustion  process  generates  compounds  and  structures  that 
are  difficult  to  make  (or  even  unattainable)  using  other  methods  of  synthesis.  For  example, 
combustion  of  mixtures  of  silicon  and  its  compounds  with  calcium  or  iron  with  polytetra- 
fluoroethene  (PTFE)  leads  to  synthesis  of  silicon  carbide  monocrystals  in  the  form  of  nano¬ 
fibers,  and  spherical  multi-walled  carbon  nanoparticles  [3,4]. 

Recently  published  results  f51  have  shown  that  some  other  flourocarbons,  e.g.  de- 
cafluorobiphenyl  (DFBF,  C12F10)  and  chlorocarbons,  such  as  hexachlorobenzene  (HCB, 
C6C16),  hexachloroethane  (HCE,  C2CI6)  or  chlorinated  polyvinyl  chloride  (SPVC,  -C4H5CI3-) 
can  be  used  as  oxidizing  agents.  These  oxidizers  react  very  vigorously  with  powdered  met¬ 
als,  their  alloys  and  compounds  generating  large  quantities  of  carbonaceous  materials  with 
completely  unknown  structure,  compositions  and  properties.  Continuing  this  research  an 
attempt  to  determine  their  elemental  and  phase  compositions  as  well  as  micro  structure  and 
surface  properties  was  undertaken. 
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2. 


EXPERIMENTAL 


Synthesis  conditions.  The  starting  mixtures  (Tab.  1)  were  prepared  by  mixing  powders 
of  sodium  azide  (NaN3)  or  calcium  silicide  (CaSE)  with  organic  fluorine  or  chlorine  com¬ 
pounds  (PTFE,  DFBF,  HCB,  HCE  and  SPVC)  that  act  as  oxidizers  and  carbon  sources. 
Some  of  the  mixtures  contained  ferrocene  or  diamond  powder  as  additives  catalyzing  crea¬ 
tion  of  carbon  particles,  e.g.  fullerenes  or  nanotubes.  The  reactants  were  pelleted  into  cylin¬ 
drical  samples  of  10  g  in  mass.  The  sample  was  placed  in  a  graphite  crucible  and  ignited  by 
an  electrically  heated  igniter  attached  to  the  top  of  the  pellet.  The  combustion  synthesis  was 
carried  out  in  argon  atmosphere  (0.5  MPa)  in  a  calorimetric  bomb  in  order  to  monitor  the 
heat  of  reaction.  Compositions  of  the  mixtures  tested  and  results  of  measurements  of  the  heat 
effects  accompanying  their  combustion  are  collected  in  Table  1. 

Table  1.  Composition  of  the  studied  mixtures  and  results 
of  calorimetric  measurement 


Lp. 

Mixture  composition 
[wt  %1 

Additive  and  its  contents 
[wt  %j 

Heat  of  reaction  Q 
[kJ/kgj 

1. 

NaN3/PTFE  =  62.2/37.8 

- 

3460 

2. 

NaN3/PTFE  =  72.2/27.8 

Ferrocen-20% 

3410 

3. 

NaN3/Ci2F10  =  66.1/33.9 

Diamond  -  2% 

2630 

EB 

NaN3/Ci2F10  =  66.1/33.9 

Ferrocene  -  10% 

3220 

5. 

NaN3/C6Cl6  =  57.8/42.2 

- 

2630 

6. 

NaN3/C6Cl6  =  57.8/42.2 

Ferrocene  -  10% 

2860 

7. 

NaN3/C6Cl6  =  57.8/42.2 

Ferrocene  -  20% 

2780 

8. 

NaN3/C6Cl6  =  57.8/42.2 

Diamond  -  2% 

- 

9. 

NaN3/C?Cl6  =  52.2/47.8 

- 

2590 

10. 

NaN3/C?Cl6  =  62.2/37.8 

Ferrocene  -  20% 

2810 

11. 

NaN3/C?Cl6  =  62.2/37.8 

Diamond  -  2% 

2320 

12. 

NaN3/C?Cl6/C6Cl6  =  60/18.9/21.1 

- 

2430 

13. 

NaN3/SPVC  =  55.0/45.0 

- 

2700 

14. 

CaSi2/C12F10  =  37.7/62.3 

- 

5030 

15. 

CaSi2/C6Cl6=  16.85/83.15 

- 

2430 

16. 

CaSi2/C2Cl6  =  39.6/60.4 

- 

3100 

17. 

CaSi2/SPVC  =  43.2/56.8 

- 

1970 

The  solid  products  of  combustion  were  washed  out  from  the  reactor  with  water.  The  ob¬ 
tained  suspension  was  filtered  off  and  the  deposit  was  washed  with  ethanol.  After  drying,  the 
reaction  products  were  analyzed  using  elemental  analysis,  X-ray  diffraction  and  scanning 
electron  microscopy  to  characterize  their  chemical  composition  and  structural  features. 

Elemental  and  phase  analyses.  The  elemental  analyses  of  recovered  solid  products 
were  carried  out  in  order  to  determine  the  total  carbon  content.  All  the  result  reported  here 
were  obtained  using  Perkin-Elmer  Analyser  CHNS/O  Model  2400.  The  runs  were  performed 
applying  an  elongated  time  of  combustion.  X-ray  diffraction  (XRD)  spectra  were  measured 
using  a  Simens  Diffractometer  D500  in  conjunction  with  CuKa  radiation.  Measurements 
were  done  in  the  range  of  20  from  20°  to  70°  with  a  step  of  0.02°.  The  XRD  data  were  calcu- 
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lated  and  the  phase  analysis  performed  utilizing  an  in-house  program,  XRAYAN.  Results  of 
the  analyses  are  presented  in  Table  2. 

Table  2.  Results  of  elemental  and  phase  analyses  of  products  of  combustion 


Lp. 

Mixture  composition 
[wt  %] 

Additive  and  its 

contents 
[wt  %] 

Carbon  con¬ 
tents 

[wt  %] 

Phases  identi¬ 
fied  (XRD 
analysis) 

1. 

NaN3/PTFE  =  62,2/37,8 

- 

60.3 

C,  NaF 

2. 

NaNs/PTFE  =  72,2/27,8 

Ferrocene  -  20% 

52.1 

C,  NaF 

3. 

NaN3/Ci2F10  =  66,1/33,9 

Diamod  -  2% 

83.9 

C,  NaF 

m 

NaN3/Ci2F10  =  66,1/33,9 

Ferrocene  -  10% 

57.6 

C,  NaF 

5. 

NaN3/C6Cl6  =  57,8/42,2 

- 

79.8 

C 

6. 

NaN3/C6Cl6  =  57,8/42,2 

Ferrocene  -  10% 

65.0 

- 

7. 

NaN3/C6Cl6  =  57,8/42,2 

Ferrocene  -  20% 

61.1 

- 

8. 

NaN3/C6Cl6  =  57,8/42,2 

Diamond  -  2% 

77.1 

C 

9. 

NaN3/C2Cl6  =  52,2/47,8 

- 

71.3 

c 

10. 

NaN3/C?Cl6  =  62,2/37,8 

Ferrocene  -  20% 

51.7 

- 

11. 

NaN3/C?Cl6  =  62,2/37,8 

Diamod  -  2% 

71.6 

c 

12. 

NaN3/C2Cl6/C6Cl6  =  60/18.9/21.1 

- 

75.0 

c 

13. 

NaN3/SPVC  =  55,0/45,0 

- 

79.0 

- 

14. 

CaSi2/Ci2F10  =  37,7/62,3 

- 

- 

- 

15. 

CaSi2/C6Cl6=  16,85/83,15 

- 

64.3 

C,  Si,  SiC,  Fe2C 

16. 

CaSi2/C2Cl6  =  39,6/60,4 

- 

17.2 

C,  Si,  SiC,  FeSi? 

17. 

CaSi2/SPVC  =  43,2/56,8 

22.7 

C,  SiC,  Si,  FeSi? 

Structural  analysis.  Solid  reaction  products  were  examined  by  scanning  electron  mi¬ 
croscopy  (SEM,  LEO  5000,  operating  at  20  kV).  Carbon  in  the  form  of  spherical  particles 
with  diameters  ranging  from  30  to  100  nm  wos  found  in  every  sample  (Figs  1-F2). 


In  Fig.  1  there  are  shown  SEM  images  of  the  combustion  products  of  NaNsAACf  mix¬ 
ture  with  addition  of  diamond  or  ferrocene.  In  both  cases  the  structure  is  similar  so  that  the 
kind  of  the  additive  does  not  affect  the  structure  of  combustion  products. 


Fig  1.  SEM  images  of  combustion  products  of  NaN3/C6Cl6  =  57,8/42,2  mixture 
with  diamond  (left  side)  and  ferrocene  (right  side) 
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Fig  2.  SEM  images  of  combustion  products  of  NaN3/C2Cl6  =  62,2/37,8  mixture 
without  additives  (left  side)  and  with  20%  of  ferrocene  (right  side) 

The  combustion  products  are  also  very  similar  when  C2CI6  is  used  as  an  oxidizing  agent. 
This  implies  that  even  such  an  essential  change  in  composition  of  the  starting  mixture  as 
replacement  of  aromatic  carbon  with  aliphatic  carbon  does  not  cause  a  dramatic  change  in 
the  structure  of  combustion  products. 

Adsorption  measurements.  Low  temperature  nitrogen  adsorption  was  used  to  charac¬ 
terize  the  porous  structure  of  chosen  combustion  products.  Nitrogen  adsorption  isotherms  for 
all  samples  studied  were  measured  at  77  K  on  a  Mircromeritics  ASAP  2010  volumetric  ad¬ 
sorption  analyzer  (Norcross,  GA,  USA).  A  high  purity  nitrogen  was  used  to  measure  the 
amount  adsorbed  as  a  function  of  the  equilibrium  pressure.  Before  each  adsorption  meas¬ 
urement  the  sample  was  outgassed  under  vacuum  at  200  °C  for  at  least  2  h. 


Fig  3.  Nitrogen  adsorption-desorption  isotherms  at  77K  for  combustion  products 
of  sodium  azide  -  chlorocarbons  mixtures  with  additives 
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Exemplary  nitrogen  adsorption  isotherms  at  77  K  on  combustion  products  of 
NaN3/C2Cl6  =  62.2/37.8  with  2%  of  diamond,  NaN3/C6Cl6  =  57.8/42.2  with  20%  of  ferro¬ 
cene  and  NaN3/C2Cl6/C6Cl6  =  60/21.1/18.9  compositions  are  shown  in  Fig.  3.  The  amount 
adsorbed  expressed  in  cm3  STP  per  gram  is  plotted  as  a  function  of  the  logarithm  of  the  rela¬ 
tive  pressure. 

The  specific  surface  area  6 bet  and  the  volume  of  nitrogen  necessary  to  cover  unit  mass 
of  the  adsorbent  with  a  monomolecular  layer  Vm  were  determined  according  to  the  well- 
known  BET  method  f6'.  The  total  pore  volume  was  estimated  by  converting  the  volume  ad¬ 
sorbed  at  the  relative  pressure  of  0.99  to  the  volume  of  liquid  nitrogen.  Results  of  the  analy¬ 
ses  are  shown  in  Tab.  3. 

Table  3.  Adsorption  parameters  evaluated  on  the  basis  of  nitrogen  isotherms 


Composition  of  the  starting  mixture 

pip  0BET 

Sbet 

[m2/g] 

Fc 

[cm3/g] 

Vm 

[cm3/g  STP] 

NaN3/C2Cl6  =  62,2/37,8  +  2%  Diamond 

0.043-0.300 

193 

0.64 

43.3 

NaN3/C6Cl6  =  57,8/42,2  +  20%  Ferrocene 

0.037-0.251 

84 

0.28 

19.2 

NaN3/C2Cl6/C6Cl6  =  60/21,1/18,9 

0.043-0.300 

189 

0.54 

44.5 

plpoBET  -  the  relative  pressure  range  used  for  S) 

jet  evaluation,  S 

BET  —  BE 

f  specific  surface  area,  Vc  - 

total  pore  volume  at  the  relative  pressure  plpQ  =  0.99,  Vm  -  the  volume  of  adsorbed  nitrogen  in  the 
monomolecular  layer. 

3.  DISCUSSION 

Results  of  calorimetric  measurement  show,  that  the  reaction  heats  reach  most  frequently 
its  maximum  value  in  the  cases  when  the  composition  of  the  starting  mixture  corresponds  to 
the  stoichiometry  of  reaction  leading  to  creation  of  carbon  and  fluoride  of  a  reductant  at  its 
highest  oxidation  number.  The  heats  of  reactions  vary  considerably  -  from  ca.  2000  kJ/kg  to 
about  5000  kJ/kg.  Such  significant  changes  of  this  parameter  are  accompanied  by  propor¬ 
tional  big  changes  in  the  temperature  in  combustion  wave  so  that  by  significant  changes  in 
synthesis  conditions.  It  was  noticed  that  an  addition  of  10  or  20%  of  ferrocene  to  a  mixture 
increases  the  heat  of  combustion.  It  means  that  the  products  of  ferrocene  decomposition  react 
exothermically  with  fluorine  and  chlorine.  However  a  small  addition  of  diamond  does  not 
cause  noticeable  changes  in  the  heat  effects. 

The  contents  of  carbon  in  reaction  products  depends  on  the  starting  mixture  composition 
and  ranges  from  ca.  17  to  about  80%.  The  highest  yields  of  carbon  were  obtained  from  mix¬ 
tures  of  sodium  azide  with  chlorinated  hydrocarbons  because  of  NaCl  good  solubility  in  wa¬ 
ter  (combustion  products  were  washed  out  using  water).  The  fact  that  carbon  is  not  the  only 
combustion  product  of  NaN3/HCB  and  NaN3/HCE  mixtures  implies  that  the  dechlorination 
is  not  complete.  Elemental  analyses  have  also  shown  that  alongside  chlorine,  the  samples 
contain  significant  amount  of  oxygen  (even  up  to  10%  by  weight)  and  small  amount  of  hy¬ 
drogen  and  nitrogen  (1-1, 5%).  It  is  undoubtedly  a  result  of  adsorption  of  the  atmosphere 
components  on  the  tested  materials.  As  expected  a  reduction  of  the  share  of  carbon  precur¬ 
sors  in  the  starting  mixtures  causes  a  decrease  in  the  amount  of  this  element  in  the  reaction 
products.  However  the  influence  of  ferrocene  presence  in  a  mixture  on  contents  of  carbon  is 
rather  surprising  -  in  each  case  this  additive  caused  a  decrease  in  the  amount  of  carbon  in  the 
combustion  products. 
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XRD  analyses  showed  that  alongside  expected  products,  i.e.  carbon  and  fluorides  or 
chlorides  of  a  reductant,  the  tested  samples  contained  a  considerable  amount  of  carbides  and 
silicides.  Turbostratic  graphite  phase  was  identified  in  all  products  with  the  strongest  peak  at 
20  in  the  26.50^-26,65  range.  More  phases  appeared  when  CaSi2  was  used  as  a  reductant.  In 
this  case  silicides  and  carbides  were  created  in  a  considerable  amount,  regardless  of  the  kind 
of  oxidizer. 

Spherical  carbon  particles  with  outer  diameters  of  30-H00  nm  were  found  in  each  sam¬ 
ple.  In  many  cases  these  particles  had  open  pores.  This  means  that  the  porous  structure  of  the 
carbon  materials  is  formed  at  least  by  mesopores  (2-^50  nm  in  diameter)  and  macropores 
(diameters  above  50  nm).  It  was  also  noticed  that  an  addition  of  ferrocene  or  diamond  to  the 
starting  mixtures  does  not  cause  noticeable  structure  changes  of  the  obtained  carbons. 

A  qualitative  comparison  of  the  nitrogen  adsorption  isotherms  (Fig.  3)  shows  that  com¬ 
bustion  products  of  two  compositions,  namely  NalSbAITCk  =  62.2/37.8  with  diamond  and 
NaN3/C2Cl6/C6Cl6  =  60/21.1/18.9  possess  almost  identical  adsorption  characteristics.  Thus  a 
partial  replacement  of  the  aliphatic  carbon  precursor  (C2CI6)  with  an  aromatic  one  ^CC) 
does  not  change  the  porous  structure  and  surface  properties  of  the  reaction  products.  As  can 
be  seen  in  Fig.  3,  carbonaceous  material  obtained  from  the  composition  containing  ferrocene 
differs  significantly  from  that  measured  on  the  two  other  samples.  Its  adsorption  capacity  is 
much  lower  within  the  entire  range  of  the  relative  pressure.  This  may  be  caused  by  the  fact 
that  the  sample  contained  much  less  carbon  than  the  two  other  tested  materials. 

The  volume  of  nitrogen  covering  the  adsorbent  surface  with  monolayer  equals  merely  to 
19445  cm  / g  STP,  whereas  the  total  pore  volumes  filled  with  liquid  nitrogen  at  p/po  =  0.99 
are  quite  high  and  range  from  0.28  to  0.64  cm  / g.  Comparatively  high  ratio  of  volume  to 
surface  area  implies  that  porous  structure  of  the  tested  samples  includes  mainly  large 
mesopores  (20h-50  nm  in  diameter)  and  macropores  (more  than  50  nm  in  diameter).  Con- 
secutively,  the  BET  specific  surface  area  does  not  exceed  200  nr/g,  regardless  of  the  compo¬ 
sition  of  the  starting  mixture.  However,  these  values  of  5b  et  are  large  enough  for  some  ana¬ 
lytic  applications  of  the  studied  materials,  e.g.  they  can  be  used  as  adsorbents  for  solid  phase 
extraction  171 . 
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Abstract 

Effect  of  the  molecular  weight  of  glycidyl  azide  oligomers  on  the  burning  rate  and  effect 
of  gelatinization  have  been  examined.  It  has  been  shown  that  combustion  of  uncured 
GAP  obeys  usual  rules  of  monopropellant  burning  of  liquid  energetic  materials  with  all 
resulting  consequences  (turbulization,  unusual  burn  rate-pressure  dependence,  etc.). 
Small  additives  of  PMMA,  used  as  a  gelatinizing  agent  to  GAP  oligomers  appeared  to 
influence  drastically  their  burning  behavior  through  alteration  of  the  viscosity.  Data  on 
combustion  of  uncured  neat  azide  oligomers  and  their  compositions  with  the  polymer  as 
well  as  data  of  temperature  measurements  in  the  combustion  wave  have  been  used  to 
propose  the  combustion  mechanism  of  azide  energetic  materials. 

Keywords:  glycidyl  azide  oligomers,  burning  rate,  temperature  profiles 


1.  INTRODUCTION 

Aliphatic  polyethers  having  alkyl  azide  substituents  are  of  particular  interest  as  energetic 
binders  and  plasticizers  for  solid  rocket  propellants  and  gun  powders.  These  compounds 
have  an  advantage  of  not  only  high  energetic  performance,  but  also  are  capable  of  affecting 
the  burning  rate  of  propellants.  However,  the  general  principle  of  the  modifier  action 
remains  to  be  solved.  It  may  include  either  a  physical  contribution  at  the  expense  of  high 
burning  rate  of  modifier  and  prompt  heat  release  in  the  combustion  zone,  or  a  chemical  one 
at  the  cost  of  increasing  the  leading  reaction  rate  in  the  flame.  High-reactive  intermediate 
nitrenes  are  known  to  be  initial  products  in  the  decomposition  of  azides  which  reactions  with 
nitrogen  oxides  can  be  expected  to  proceed  very  fast. 

For  the  most  part  combustion  studies  of  azide  polymers  dealt  with  crosslinked  and  cured 
samples. 11-41  At  the  same  time  data  on  combustion  of  uncured  azide  oligomers  («as 
received)))  coupled  with  temperature  measurements  in  combustion  wave  are  thought  to 
present  considerable  interest  for  generating  combustion  mechanism  of  energetic  azide 
polymers  and  binders. 

This  paper  presents  a  study  of  the  burning  behavior  and  flame  structure  of  glycidyl  azide 
oligomers  of  low  molecular  weights  as  well  as  compositions  gelatinized  with 
polymethylmethacrylate . 
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2. 


EXPERIMENTAL 


2.1  Sample  preparation 

Synthesis  of  low  molecular  weight  GAP  directly  from  epichlorohydrin 
GAP  has  been  prepared  by  the  following  reaction  scheme  :fS| 


+ 


O 

/\ 

H?C - CH 

‘  \ 

CH2C1 


DMFA 


NaN, 


HOCH2CH2OH 


H 


-ochch2- 

ch2n3 


Sodium  azide  60  g  is  gradually  added  to  a  mixture  of  epichlorohydrin  (ECH)  60  g, 
dimethylformamide  (DMF)  120  g,  and  ethyleneglycol  (EG)  6  g,  heating  at  approximately 
70°C  and  agitation  are  started.  Because  of  initial  exothermic  reaction,  the  temperature  is 
controlled  during  the  first  30  minutes  (approx.)  of  the  synthesis.  Once  the  addition  of  sodium 
azide  is  over  and  no  sudden  rise  in  temperature  is  observed,  then  the  reaction  mixture  is 
heated  to  90°C  and  the  agitation  is  carried  out  at  this  temperature  for  about  15  hours. 
Heating  and  agitation  are  stopped  and  the  reaction  mixture  is  allowed  to  cool.  The  polymer 
is  given  three  300  ml  hot  water  (60°C)  washes  to  remove  DMF,  EG  and  the  salts  (sodium 
azide  and  sodium  chloride).  The  polymer  is  dissolved  in  400  ml  methylene  chloride  (MC). 
The  MC  solution  is  dried  over  magnesium  sulfate  and  then  is  passed  through  a  column 
containing  30  g  of  silica  gel.  The  resultant  solution  is  heated  to  50°C  to  remove  MC  and  then 
stripped  in  vacuum  to  yield  30  g  of  the  GAP  polymer:  a  viscous  liquid  with  an  amber  color. 


Synthesis  of  GAP  diol  of  molecular  weight  around  1000 from  polyepichlorohydrin 
GAP  has  been  synthesized  by  the  following  reaction  scheme  :|6' 

O 

/\ 


H  c _ CH  +  HOCH2CH2CH2CH2OH  +  SnCl4 

2  \ 

CHoCl 


H  f - OCHCH2 0(CH2)40  - CH2CHO —  H 


DMSO 


CHoCl 


n 


CHoCl 


m 


H  f - OCHCH2 0(CH2)40  - CH2CHO —  H 


CH2N, 


n 


ch2n. 


m 


Polymerisation  of  EPH  in  the  presence  of  1 ,4-butylendiol  as  initiator  and  SnCl4  as 
catalyst  was  carried  out  using  procedure  described  elsewhere  in  literature.  3  ml  (0.033  mole) 
of  1,4-butylenediol  and  9  ml  dichloroethane  were  placed  in  250  ml  three-necked  flask  fitted 
with  stirrer,  dropping  funnel,  thermometer,  and  condenser.  0.2  ml  of  SnCl4  was  added  to  the 
mixture  at  continuous  stirring  followed  by  dropwise  addition  of  70  ml  (0.08  mole)  of  ECH 
within  3  hours  at  temperature  of  65°C.  To  remove  the  catalyst,  the  reaction  mixture  was 
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treated  with  water  (5x50  ml),  then  125  ml  of  dichloroethane  was  added  and  organic  layer 
was  dried  over  CaCl2,  and  remaining  solvent  was  distilled  off  under  vacuum.  Yield  of  light 
yellow  viscous  liquid  was  61.5  g  (75%). 

A  mixture  of  79  g  (-0.85  mole)  of  PECH  diol  and  sodium  azide  (79  g,  1.21  mole)  in  165 
ml  of  DMSO  was  stirred  at  80°C  for  24  hr.  The  precipitated  NaCl  and  unreacted  NaN3  were 
filtered  off,  mother  liquor  poured  into  an  equal  volume  of  water  and  heated  at  80°C  for  2 
hours.  100  ml  of  dichloroethane  were  added  and  layers  were  allowed  to  separate.  Organic 
layer  was  washed  with  water  (5x80  ml),  dried  over  CaCb,  light  brown  solution  was  passed 
through  a  column  containing  40  g  of  silica  gel.  The  dichloroethane  was  removed  from 
resultant  solution  under  a  reduced  pressure  to  yield  56  g  (-70%)  of  light  yellow  viscous 
liquid. 

2.2  Structure  determinations 

Number  average  molecular  weights  were  determined  by  cryoscopic  method  with 
naphthalene  as  a  solvent.  The  molecular  weight  of  GAP  synthesized  directly  from 
epichlorohydrin  was  measured  to  be  450-480  (hereinafter  called  GAP500).  The  second  GAP 
sample  obtained  in  two-step  process  via  polyepichlorohydrin  had  MW  =  900-1500 
(hereinafter  called  GAP  1000). 

The  ^MR-spectra  of  GAP500  and  GAP  1000  were  obtained  at  60  MHz  with  a 
HITACHI- 1500  spectrometer.  Spectra  were  collected  at  room  temperature  in  a  solution  of 
CDCI3  with  internal  standard  of  tetramethylsilane.  The  IR-spectra  of  GAP  samples  were 
recorded  with  SPECORD  IR-75  spectrometer. 

Differential  thermal  analysis  (DTA)  and  thermogravimetry  analysis  (TG)  were 
conducted  by  using  a  derivatograf  “Paulik,  Paulik  and  Erdey”  at  a  heating  rate  of  10  K/min. 

2.3  Burn  rate  and  temperature  measurements 

Burn  rate  measurements  were  carried  out  in  a  window  constant  pressure  bomb  of  1.5 
liter  volume.  The  pressure  range  studied  was  0.1-36  MPa.  A  slit  camera  was  used  to 
determine  a  character  of  the  combustion  process  as  well  as  burning  rate  values. 

GAP  specimens  were  filled  into  transparent  acrylic  tubes  of  4  or  7  mm  i.d.  and  ignited 
with  electrically  heated  nichrome  wire. 

Temperature  profiles  in  the  combustion  wave  of  GAP  were  measured  using  flat 
tungsten-rhenium  micro  thermocouples  of  7  pm  bead  size.  The  thermocouple  was  embedded 
across  an  acrylic  tube  of  7  mm  i.d.  filled  with  GAP,  so  that  the  thermocouple  bead  was 
placed  at  the  center  of  the  tube.  The  signal  from  the  thermocouple  was  recorded  with  TDS 
210  digital  oscilloscope. 

3.  RESULTS  AND  DISCUSSION 
3.1  Structure  and  analysis  data 

IR  spectra  measured  for  both  GAP500  and  GAP  1000  were  almost  identical  and 
indicated  broad  band  of  absorbance  at  3400  cm"1  (vOH),  and  strong  absorbance  at  2080  cm"1 
(vN3),  and  also  absorbances  of  C-H,  C-O  and  C-N  bonds. 

Structure  formula  for  GAP  1000  presented  below  was  confirmed  by  elemental  analysis 
data  for  n  +  m  =  8  (Table  1). 
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This  structure  conforms  well  with  1 H  M  R-spectroscopy  data.  The  1 HMR- spectrum  of 
GAP  1000  exhibits  four  groups  of  peaks  corresponding  to  methylene  protons  of  two  central 
carbon  atoms  of  the  butylglycol  fragment  -CH2CH2-  (1.6-1. 7  ppm),  the  other  protons  of  CH2 
and  CH  groups  (3.38-3.48  and  3. 6-3. 8  ppm),  and  the  terminal  protons  of  two  diol  groups 
(3.95-4.05  ppm).  The  proton  intensity  ratio  Noh  :  N_ch2CH2-  :  Nch,  ch2  calculated  for 
GAP  1000  structure  with  m  +  n  =  8  is  equal  to  2  :  4  :  44.  The  ratio  found  from  1 HMR- 
spectmm  is  about  2  :  3.8  :  43. 


Table  1.  Elemental  analysis  data  for  GAP 1000. 


Item 

Found 

Calculated  for  structure  with  m 
+  n  =  8 

MW„ 

850-900 

882 

C,% 

38.26 

38.10 

H,  % 

5.77 

5.67 

N,  % 

39.16 

38.10 

Structure  formula  for  GAP500  (structure  I)  proposed  by  E.  Ahad  151  appeared  to  lack 
support  from  elemental  analysis  data.  Because  of  this,  another  structure  has  been  set  forth  for 
GAP500  (structure  II),  which  is  consistent  with  the  analysis  data  (Table  2). 
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GAP500  structure  II  (proposed) 


Table  2.  Elemental  analysis  data  for  GAP 500. 


Item 

Found 

Reported  in  fS| 
for  structure  (I)  with  n  =  4 

Calculated 

for  structure(II)  with  n  =  3 

MWn 

450-480 

400 

439 

C,% 

32.18 

35.7 

32.80 

H,  % 

4.93 

5.0 

4.78 

N,  % 

47.61 

39.9 

47.84 

The  ^MR-spectram  of  GAP500  exhibits  only  three  groups  of  peaks  corresponding  to 
protons  of  CH2  groups  (3.38-3.48),  CH  groups  (3. 6-3. 8  ppm),  and  the  terminal  proton  of  the 
OH  group  (3.95-4.05  ppm).  The  found  proton  intensity  ratio  N0h  :  Nch,  ch2  is  about  1:16 
and  supports  generally  structure  (II),  since  the  theoretical  proton  intensity  ratio  for  structure 
(II)  is  about  1  :  20,  and  no  more  than  1  :  10  for  structure  (II). 
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0.1%  chlorine  was  determined  by  elemental  analysis  for  GAP1000  and  0.5%  Cl  for 
GAP500. 

Exothermic  peaks  of  decomposition  were  determined  by  means  of  DTA  to  be  at  220- 
250°C  for  both  GAP500  and  GAP  1000  and  corresponded  to  the  temperature  of  first-stage 
decomposition  for  cured  and  crosslinked  GAP  (GAP  propellant).  DG  analyses  showed, 
however,  that  this  decomposition  of  uncured  GAP500  and  GAP  1000  was  accompanied  by 
considerably  larger  weight-loss  (95  and  80%,  respectively)  as  compared  to  GAP  propellant 
(approximately  40%). 111 

Some  properties  of  the  GAP  samples,  including  IR,  DTA,  and  TG  data  are  summarized 
in  Table  3. 

Table  3.  Properties  of  GAP 500  and  GAP 1000. 


3.2  Combustion  behavior  of  GAP  samples  of  different  molecular 
weights 

Uncured  samples  of  GAP500  were  found  to  be  capable  of  sustained  burning  only  at 
pressures  above  200  atm.  Burning  occurs  at  a  turbulent  regime  at  rather  high  speeds  of  the 
order  of  tens  of  centimeters  per  second.  More  viscous  GAP  1000  starts  burning  at 
subatmospheric  pressures.  After  a  local  maximum  of  the  burning  rate,  combustion  is  damped 
out  at  6  atm  and,  at  approximately  180  atm  it  revives  again.  There  exists  a  region  (6-180 
atm)  within  which  burning  is  not  sustained  (Fig  1). 

Data  of  Kubota  and  Sonobe,1'1  Hori  and  Kimura  131  obtained  for  cured  and  crosslinked 
samples  of  GAP  fall  just  on  the  interval,  where  combustion  process  for  uncured  specimens  is 
not  sustained. 

Liquid  alkyl  azides  easily  change  their  combustion  from  laminar  to  turbulent  regime  as 
the  pressure  increases.  Laminar  combustion  of  the  azides  has  been  observed  in  the 
subatmospheric  pressure  region  [7,81.  Ceasing  monopropellant  combustion  of  many  liquid 
explosives  (nitroglycerine,  for  example)  is  known  to  be  owing  to  transition  from  steady-state 
to  turbulent  regime,  resulting  in  surface  layer  heat  disbalance  and  stopping  the 
process  f9,.The  noted  behavior  is  conditioned  by  Landau  instability  effect, 1101  when 
disturbance  of  the  liquid-vapor  interface  (turbulization  of  the  burning  surface)  appears  and 
progresses  until  some  critical  burn  rate  value  is  attained,  depending  on  viscosity  of  the 
liquid. 
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The  growth  of  GAP  1000  burning  rate  observed  in  the  low-pressure  region  is  connected 
with  expansion  of  the  burning  surface.  According  to  Andreev,11 11  turbulization  exerts  a 
double  effect:  on  the  one  hand  it  increases  the  apparent  burning  rate  because  of  growing 
burning  surface,  and  on  the  other  hand  it  can  inhibit  combustion  and  lead  to  extinction 
because  of  destroying  the  preheated  layer  in  the  condensed  phase.  It  is  likely  ambivalent 
action  of  turbulization  that  is  responsible  for  the  local  maximum  of  the  burning  rate  on  the 
br(p)  curve  observed  for  GAP  1000  in  low-pressure  region.  As  pressure  grows  until  a  certain 
value,  the  size  of  disturbances  decreases,  resulting  in  revival  of  turbulent  burning. 


Pressure,  atm 

Fig  1.  Burning  rate  vs.  pressure  for  GAP500  and  GAP  1000,  and  comparison  with 
literature  data  for  cured  and  crosslinked  GAP  specimens. 

3.3  Combustion  behavior  of  GAP  samples  gelatinized  with 
polymethylmethacrylate 

Viscosity  of  GAP  oligomers  can  be  also  increased  by  means  of  thickening  with  another 
high-molecular  polymer,  for  example  polymethylmethacrylate  (PMMA).  Gelatinizing  liquid 
GAP500  with  PMMA  leads  to  increasing  viscosity,  which,  due  to  suppressing  perturbations 
on  the  surface  of  the  liquid,  makes  it  possible  to  get  combustion  over  larger  pressure  region. 
The  burning  rate  decreases,  and  as  little  as  5%  of  PMMA  added  allows  laminar  burning  at 
low  pressures  starting  with  subatmospheric  one  (Fig  2). 

The  formation  of  light  carbonaceous  skeleton  is  observed  at  low  pressures  and  is  not  the 
case  at  increased  ones.  The  distinguishing  feature  of  combustion  of  the  gelatines  is  that  there 
also  exist  pressure  regions  (3.5-40  atm  for  5%  gelatine  and  5-20  atm  for  8%  gelatine)  within 
which  burning  is  not  sustained.  It  should  be  noted  that  the  more  PMMA  content,  the  smaller 
the  pressure  range  of  lack  of  burning.  Burning  rate  vs.  pressure  dependences  for  gelatinized 
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GAP500  also  have  local  maximums  at  low  pressures  before  extinction  as  was  the  case  of 
GAP  1000. 

Gelatinizing  more  viscous  GAP  1000  with  5%PMMA  fully  remove  the  pressure  region 
within  which  burning  is  not  sustained  (Fig  3).  The  fitting  line  through  the  experimental  bum 
rate  data  proves  to  be  parallel  to  the  dependence  obtained  for  cured  and  crosslinked  samples 
of  GAP.11'  In  the  low-  and  high-pressure  regions  burning  behavior  of  gelatinized  GAP  1000 
is  somewhat  representative  of  combustion  of  the  uncured  oligomer. 


Fig  2.  Burning  rate  vs.  pressure  for  GAP500  gelatinized  with  PMMA. 
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Fig  3.  Burning  rate  vs.  pressure  for  GAP  1000  (circles)  and  GAP  1000  gelatinized 
with  5%PMMA  (triangles). 

3.4  Temperature  measurements  in  the  combustion  wave  of  GAP500 
and  GAP  1000 

Flame  structure  of  GAP500  and  GAP  1000  gelatinized  with  5%PMMA  has  been 
investigated  with  5 -pm -thick  Fl-shaped  tungsten-rhenium  tape  thermocouples.  The  pressures 
tested  for  GAP500  gelatinized  with  5%PMMA  were:  1  atm  that  corresponded  to  stable 
burning  of  the  gelatine,  3  atm  -  in  the  close  vicinity  of  the  burning  failure,  and  45  atm  - 
immediately  after  revival  of  the  burning  process.  These  boundary  pressure  values  were 
chosen  also  with  the  aim  of  getting  information  about  flame  structure  at  critical  conditions  of 
GAP  burning.  Temperature  profiles  for  GAP500  with  5%PMMA  are  presented  in  Fig  5  - 
Fig  6. 


Fig  4.  Temperature  profiles  for  GAP500+5%PMMA  at  atmospheric  pressure. 
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Fig  5.  Temperature  profiles  for  GAP500+5%PMMA  at  3  atm. 


Distance,  mm  Distance,  mm 


Fig  6.  Temperature  profiles  for  GAP500+5%PMMA  at  45  atm. 

Temperature  profiles  of  GAP500  have  revealed  very  low  temperatures  at  the  surface  as 
well  as  large  values  of  the  heat  flux  transferred  back  from  the  gas  to  the  condensed  phase. 
The  right  part  of  Fig  4-Fig  6  represents  the  profiles  extended  close  to  the  surface.  The 
surface  temperature  is  sharply  defined  at  these  profiles.  An  increase  in  the  surface 
temperature  is  not  observed  at  going  from  atmospheric  pressure  to  3  atm,  but  at  45  atm  it  is 
significantly  higher.  At  the  “critical”  values  of  pressure  (3  and  45  atm)  the  profiles  exhibit 
large  fluctuations  of  temperature  in  the  gas  phase.  At  3  atm,  these  fluctuations  occur  mainly 
just  above  the  burning  surface,  whereas  the  temperature  drops  take  place  over  full  length  of 
the  flame  at  45  atm  (see  Fig  5  and  Fig  6).  Sometimes  such  temperature  drops  led  to  the 
complete  stopping  of  combustion. 

Temperature  profiles  of  GAP  1000  were  measured  at  1  atm  for  the  liquid  oligomer  and  1, 
3,  and  8  atm  for  GAP  1000  gelatinized  with  5%PMMA.  Pressures  1  and  3  atm  were  taken  as 
previous  to  the  local  maximum  at  the  b,-(p)  curve,  8  atm  as  corresponding  to  the  local 
minimum  on  the  br(p)  curve,  and  45  atm  at  which  burning  of  uncured  GAP  1000  oligomer 
was  not  sustained.  Temperature  profiles  for  GAP  1000  and  GAP  1000  with  5%PMMA  are 
presented  in  Fig  7-Fig  8. 
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Fig  8.  Temperature  profiles  for  gelatinized  GAP1000  at  different  pressures. 

Numbers  at  the  profiles  are  pressures  in  atm. 

Burning  of  uncured  GAP  1000  at  atmospheric  pressure  is  accompanied  by  strong 
perturbation  of  the  surface,  drop  formation  and  carry-over  the  drops  into  the  gas  phase.  This 
situation  is  reflected  in  the  appearance  of  strong  temperature  fluctuations  on  temperature 
profiles  (Fig  7).  Unfortunately,  because  of  this  the  surface  temperature  turns  out  to  be 
undetectable  on  these  profiles. 

Gelatinizing  GAP  1000  with  5%PMMA  eliminates  large  fluctuations  of  temperature  in 
the  gas  phase  (Fig  8).  The  surface  temperature  is  sharply  defined  at  these  profiles.  At  low 
pressures,  the  surface  temperature  of  gelatinized  GAP  1000  oligomer  is  appreciably  higher 
than  that  of  GAP500,  but  still  much  lower  than  the  surface  temperature  of  cured  and 
crosslinked  GAP  samples.11'  The  surface  temperatures  are  surprisingly  weakly  dependent  on 
pressure,  growing  from  230  to  300°C  only  when  pressure  increases  from  1  to  45  atm. 
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The  surface  temperatures  of  GAP  oligomers  seem  to  be  too  low  to  correspond  to  the 
boiling  points  of  compounds  with  the  molecular  weight  of  500  and  higher.  However,  it  may 
well  correspond  to  the  boiling  point  of  a  low-boiling  fraction  necessarily  present  in  the 
oligomers. 

Results  of  temperature  measurements  are  summarized  in  Table  4  and  compared  with 
those  for  cured  and  crosslinked  GAP  propellant  . 

Table  4.  Results  of  thermocouple-aided  measurements  and  calculations  for 

combustion  of  GAP500+5%PMMA,  GAP1000,  GAP1000+5%PMMA, 
and  GAP  propellant. 


Pressure, 

atm 

Experimental 

Calculation 

Surface 

Tempe¬ 

rature 

TS,°C 

Flame 

Tempe¬ 

rature, 

T (  °C 

Heat  Flux 
Transferred 
Back, 
cal/cm2s 

Heat 

Feedback 
from  the 
Gas  Phase 
cal/g 

Adiabatic 

Flame 

Tempera¬ 

ture 

Tf,°C 

Flame 
Temperatur 
e  if  HCN 
unreacted 

Thcn,  °C 

GAP  500  +  5%PMMA 

1 

180 

800 

13±1 

71 

1365 

780 

3 

180 

850 

40±2 

210 

1370 

820 

45 

280 

870 

- 

- 

1400 

955 

GAP  1000 

1 

- 

1  750 

- 

|  1005 

|  700 

GAP  1000+  5%PMMA 

1 

230 

725-735 

22±2 

56 

3 

250 

725-735 

50±6 

79 

8 

255-260 

725-735 

60±12 

91 

45 

265-300 

725-735 

- 

- 

GAP  2000  cured  and  crosslinked  with  HMDI  and  TMP11' 

oo 

1 

400-450 

730 

3. 8-6. 4 

960-990 

740-775 

As  seen  from  Table  4,  the  surface  temperatures  for  uncured  GAP  are  considerably  lower 
than  those  for  the  cured  and  crosslinked  GAP  propellant.  At  the  same  time,  heat  flux 
transferred  back  from  the  gas  to  the  condensed  phase  is  almost  ten  times  greater. 
Calculations  at  1,  3,  and  8  atm  show  that  this  amount  of  heat  is  sufficient  for  heating -up  the 
condensed  phase  and,  presumably,  following  evaporation.  At  pressure  of  45  atm,  the 
measurements  of  the  temperature  gradient  were  not  made  because  of  too  high  burning  rate 
and,  as  a  sequence,  very  narrow  burning  zones. 

Therefore,  one  may  assume  that  GAP  oligomers  behave  at  low  pressures  as  common 
volatile  aliphatic  azides,  with  the  gas-phase  chemistry  being  dominated  in  the  combustion 
process.  One  can  show,  using  data  on  decomposition  kinetics/121  that  proportion  of  GAP 
which  might  decompose  for  the  time  of  consumption  (burning  out)  of  the  warmed-up  layer  at 
the  surface  temperature  of  GAP500  and  GAP  1000  is  negligible. 

Another  point  to  be  mentioned  is  the  flame  temperature.  Measured  values  are  well  below 
calculated  adiabatic  flame  temperatures  for  both  GAP500  and  GAP  1000,  and  for  GAP 
propellant.  If  the  flame  temperature  is  calculated  on  the  assumption  that  each  azide  group 
produces  a  molecule  of  HCN  as  a  final  product  of  its  transformation,  thus  saving  some 
energy  stored  in  it,  the  resulting  temperatures  THcn  will  be  in  a  good  agreement  with 
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experimental  Tf  (Table  4).  The  formation  of  nitrile-moiety  was  proposed  in  many  works,  and 
HCN  was  experimentally  determined  as  one  of  the  main  products  of  rapid  decomposition  of 
GAP  and  other  azidopolymers/12,13' 

3.5  Combustion  mechanism  of  glycidyl  azide  oligomers 

Thermal  decomposition  mechanism  of  organic  azides,  including  glycidyl  azide 
oligomers,  is  known  to  involve  elimination  of  the  nitrogen  molecule  to  form  nitrene 
intermediate,  RFr,  which  reacts  further  by  C-H  and  C-C  bonds  first  to  produce  imines  and 
nitriles. [12,14,15'  The  secondary  reactions  of  nitrene  are  considered  to  take  place  very  fast; 
a  rearrangement  of  the  nitrene  skeleton  has  been  even  suggested  to  proceed  concurrently 
with  liberation  of  the  nitrogen  molecule/14'  Alkyl  radical  chemical  structure  has  only  a  slight 
effect  on  the  decomposition  kinetics  of  alkyl  azides,'15'  available  decomposition  data  are 
quite  close  together. 

Analysis  of  combustion  of  organic  azides  made  in  work'16'  has  shown  that  the  burning 
rate  of  volatile  alkyl  azides  is  determined  by  the  rate  of  decomposition  reaction  at  the  flame 
temperature.  Experimental  data  on  surface  temperatures  for  GAP  and  BAMO/THF  were 
used  to  calculate  rate  constants  from  a  combustion  model  based  on  a  dominant  role  of  the 
condensed-phase  chemistry'17'  and  the  results  derived  were  in  a  satisfactory  agreement  with 
the  kinetics  of  azide  polymer  slow  thermal  decomposition. 

The  results  of  the  present  work  suggest  that  glycidyl  azide  oligomers  behave  as  common 
volatile  aliphatic  azides,  with  the  gas-phase  chemistry  dominated  in  the  combustion  process. 
A  comparison  between  burning  behaviors  of  GAP  oligomers  of  different  molecular  weights 
gelatinized  with  PMMA  (Fig  9)  shows  that  gelatinized  GAP500  has  significantly  less 
burning  rates  than  GAP  1000,  in  spite  of  close  combustion  temperatures  (Table  4).  The 
pressure  exponent  in  the  burning  rate  low  for  gelatinized  GAP  1000  in  the  100-200  atm 
pressure  interval  is  close  to  0.5,  that  is  in  a  good  agreement  with  the  first  order  of  the  leading 
reaction  on  combustion  in  the  gas  phase  at  flame  temperature. 

At  the  same  time,  the  pressure  exponent  for  gelatinized  GAP500  in  this  pressure  interval 
is  appreciably  bigger.  The  thermocouple  measurements  indicate  to  strong  perturbation  of  the 
surface,  drop  formation  and  carry-over  the  drops  into  the  gas  phase.  Heat  losses  caused  by 
these  effects  are  likely  responsible  for  the  observed  combustion  behavior  of  GAP500. 
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Fig  9.  Comparison  of  burning  rates  of  gelatinized  GAP500  and  GAP  1000 
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Fig  10.  Arrhenius  plot  of  apparent  first-order  rate  constants  for  the  decomposition 
reaction  of  GAP  (solid  line)  and  rate  constants  of  the  leading  reaction 
on  combustion  of  GAP  1000  oligomers  and  polymers  (GAP  and  BAMO) 
derived  from  the  combustion  models. 
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Rate  constants  for  the  leading  gas-phase  reaction  on  combustion  of  GAP  1000 
gelatinized  with  5%  PMMA  at  1,  3,  8  and  45  MPa  have  been  calculated  from  the  gas-phase 
combustion  model  and  compared  with  Arrhenius  plot  of  first-order  rate  constants  for  the 
GAP  decomposition  reaction112'  (Fig  10). 

In  the  figure  are  also  presented  rate  constants  for  the  leading  reaction  on  combustion  of 
GAP  and  BAMO/THF  polymers  found  previously ,16'  from  the  assumption  of  the  condensed 
phase  priority.  As  can  readily  be  observed,  the  burning  rate  of  all  the  considered  azides  is 
governed  by  the  kinetics  of  the  decomposition,  irrespective  of  whether  it  occurs  in  the 
condensed  or  gas  phase. 

4.  CONCLUSION 

Experiments  with  uncured  GAP  samples  of  different  molecular  weight  and  structure 
have  shown  that  the  burning  behavior  is  dependent  on  the  molecular  weight  and  physical 
state  of  GAP  sample.  In  general,  combustion  of  uncured  GAP  obeys  usual  rules  of 
monopropellant  combustion  of  liquid  energetic  materials  with  all  resulting  consequences 
(turbulization,  unusual  burn  rate-pressure  dependence,  etc.). 

Small  additives  of  PMMA  to  GAP  oligomers  appeared  to  influence  drastically  their 
burning  behavior  through  alteration  of  viscosity.  GAP  oligomers  studied  bum  seemingly  in 
the  gas  phase,  since  any  significant  decomposition  of  the  azide  is  impossible  in  the 
condensed  phase  because  of  very  low  surface  temperature.  The  burning  rate  of  GAP  1000 
gelatinized  with  5%  PMMA  is  determined  by  the  rate  of  azide  decomposition  reaction  at  the 
flame  temperature. 

Incomplete  release  of  energy  stored  in  the  azide  groups  during  their  decomposition  to 
form  HCN  molecules  is  suggested  to  be  responsible  for  lower  measured  flame  temperature 
as  compared  to  the  calculated  adiabatic  one. 

The  burning  rate  of  all  the  considered  azides  is  governed  by  the  kinetics  of  the 
decomposition,  irrespective  of  whether  it  occurs  in  the  condensed  or  gas  phase. 
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INVESTIGATION  OF  DIAMINODINITROETHYLENE  (DADNE) 
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P.O.  Box  245,  Snezhinsk,  Chelyabinsk  region,  456770,  Russia 


Abstract: 

DADNE  (FOX-7  or  1,1 -diamine-2, 2 -dinitroethylene)  is  investigated  by  methods 
of  differential-thermal  (DTA)  and  thermo-gravimetric  (TGA)  analyses.  Two  exothermal 
peaks  that,  presumably,  correspond  to  transitions  between  polymorphic  modifications 
of  this  HE,  are  registered  on  DTA  curve.  Heat  of  low-temperature  polymorphic 
transition  (~+113°C  )  is  estimated  as  ~  25  J/g.  Heat  of  high -temperature  transition 
(~+158°C )  is  ~20J/g.  Presence  of  two  exothermic  peaks  (+207°C  and  +277°C 
under  the  heating  rate  of  2°C  /min)  on  DTA  of  DADNE  is  confirmed.  It  is  shown,  that 
DADNE  decomposes  in  two  stages  at  heating  over  +210°C  .  The  product  of  the  first 
stage  of  decomposition  of  DADNE  is  new  explosive  (DADNE-T).  The  DTA,  TGA,  FTIR 
of  DADNE-T  are  carried.  The  endothermic  processes  in  DADNE-T  in  the  temperature 
range  +20  °C  -  400  °C  are  not  founded.  The  beginning  of  exothermic  decomposition 
of  DADNE-T  is  recorded.  By  results  of  FTIR  it  is  supposed  that  DADNE-T  is  the 
product  of  chemical  transformation  of  two  molecules  of  DADNE  with  participation  of 
the  part  of  amino  and  nitro  groups.  The  crystals  of  three  types  (tetrahedral  prisms, 
crystals  of  the  trimetric  form  and  hexahedral  prisms)  are  received  at  crystallization 
of  DADNE  from  acetone,  water  and  water-acetone  mixes.  Received  crystals  are 
investigated  by  methods  of  FTIR,  DTA  and  TGA. 

Keywords:  DADNE  (FOX-7),  DADNE-T,  DTA,  TGA,  FTIR 


1.  INTRODUCTION 

1.1  DADNE  -  1,1-dinitroacetamidine 

(or  l,l-diamine-2,2-dinitroethylene,  or  FOX-7). 

DTA  for  FOX-7  have  two  exothermic  peaks  instead  of  one  as  for  the  majority  of  HE  [1]. 
The  similar  results  have  been  received  in  our  researches  [2]  which  were  carried  out  on  Perkin 
Elmer  devices:  thermogravimetric  analyzer  TGA-7NT,  differential  -  thermal  analyzer  DTA- 
7.  DTA-curves  of  DADNE  in  comparison  with  HMX  are  given  on  Fig.l. 

Two  exothermic  peaks  on  DTA  of  DADNE  can  be  observed  if: 

-  DADNE  represents  the  mix  of  several  substances  -  isomers  of  DADNE  or  DADNE 
and  impurities  (first  peak  corresponds  to  the  least  thermally  stable  ingredients 
decomposition,  second  one  corresponds  to  the  decomposition  of  more  thermally 
stable  ingredients); 

-  DADNE  decomposes  in  two  stages 
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2. 


SAMPLES  PREPARATION 


Samples  prepared  by  DADNE  double  crystallization  from  water,  acetone  and  water- 
acetone  mixes. 

Crystals  of  three  types  have  been  obtained  after  crystallization  of  DADNE:  tetrahedral 
prisms,  crystals  of  the  trimetric  form  and  hexahedral  prisms. 

DTA,  TGA,  FTIR  have  been  made  for  different  types  of  DADNE  crystals. 

DTA,  TGA  -  curves  of  DADNE  samples  after  crystallization  from  water-acetone  mix  in 
comparison  with  initial  HE  is  shown  on  Fig.2  (heating  rate  is  2  °C  /min).  The  review  of 
received  results  is  given  in  the  Table  1. 

Table  1.  DTA  results  for  different  samples  of  DADNE  lj 


Agents 

for  crystallization 
of  DADNE 

The  kind 
of  crystals 

Endothermic  peaks41, 

°C 

Exothermal  peaks1, 

°C 

1st  peak 

2nd  peak 

1st  peak 

2nd  peak 

_ 

_ 

113 

178 

207 

277 

Water31 

Mix  of  crystals 

115 

158 

213 

279 

Acetone31 

Mix  of  crystals 

111 

159 

223 

274 

Acetone41 

tetrahedral  prisms 

112 

160 

226 

273 

water-acetone 

mix31 

Tetrahedral  prisms 

115 

158 

213 

278 

Trimetric  crystals 

114 

155 

213 

279 

Notes: 

1)  at  2 °C  /min  heating  rate;  2)  temperatures  correspond  to  the  beginning  of  peaks; 
3)  double  crystallization;  4)  single  crystallization 


Crystalline  density  for  initial  and  crystallized  DADNE  have  been  obtained  by 
pycnometric  technique  using  of  hexane  as  a  supplementary  fluid.  The  density  of  initial 

'j 

DADNE  was  pin=T,877±0,005  g/cm  .  The  density  of  DADNE  crystallized  from  acetone  was 
pac=l,881±0,005  g/cm3. 

FTIR  spectra  of  initial  DADNE,  tetrahedral  prisms  and  the  trimetric  crystals  received  as 
a  result  of  crystallization  of  DADNE  from  acetone.  Spectra  are  received  on  Fourier 
transform  IR  spectrometer  SPECTRUM-2000,  Perkin  Elmer,  in  the  range  of  4000  -  370  cm"1 
(tablets  with  KBr).  The  basic  characteristic  lines  of  all  samples  coincide,  that  gives  the  basis 
for  conclusion  that  initial  DADNE  and  one  have  been  crystallized  have  an  identical 
molecular  structure. 
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3. 


ENDOTHERMIC  PROCESSES  IN  DADNE 


The  endothermic  processes  taking  place  initial  and  crystallized  DADNE  have  been 
investigated  under  the  heat  rate  of  2°/min. 


Table  2.  Description  of  the  Test  1 


Step 

number 

Heating 

(max,  °C) 

Cooling 

(min,  °C) 

Step 

number 

Heating 

(max,°C) 

Cooling 

(min,°C) 

1 

180 

5 

180 

_ 

2 

- 

75 

6 

- 

201} 

3 

180 

7 

320 

4 

- 

100 

Notes:  1)  Sample  are  hold  1  hour 


Two  endothermic  peaks  in  the  ranges  of  +113  -  +120  °C  and  +155-  +161  °C  were 
recorded  during  initial  heating  (step  1).  During  cooling  (step  2)  in  the  same  temperature 
range  the  exothermic  signals  have  not  been  recorded.  This  fact  allows  excluding  the 
assumption  about  correspondence  of  endothermic  peaks  on  DTA  of  DADNE  to  reversible 
phase  transitions  such  as,  for  example,  melting. 

At  reheating  (step  3)  the  endothermic  peaks  of  essentially  smaller  intensity  (in 
comparison  with  step  1)  have  been  recorded  (Fig.3).  The  endothermic  peaks  have  not  been 
recorded  at  cooling  down  to  +100  °C  (step  4)  and  consequent  heating  up  to  +180°C  (step  5). 
Two  endothermic  peaks  of  initial  intensity  have  been  observed  after  holding  of  DADNE  at 
ambient  temperature  within  one  hour  (step  6)  and  consequent  heating  up  to  +320  °C  (step  7). 

The  comparative  analysis  of  received  results  gives  the  basis  for  the  supposition  about 
presence  at  DADNE  of  several  (at  least,  three)  polymorphic  modifications,  transitions 
between  which  have  endothermic  character  and  are  observed  at  temperatures  ~  113  °C, 
~158°C  . 

4.  EXOTHERMIC  PROCESSES  IN  DADNE 

The  following  experiments  were  carried  out  for  study  of  the  nature  of  the  exothermic 
processes  in  DADNE  at  heating  up  (exothermic  peaks  on  DTA). 

One  of  DADNE  samples  crystallized  from  water-acetone  mix  has  attacked  under  the 
following  script  (heating  rate  -  27min): 


T able  3.  Description  of  Test  2 


Step  number 

Heating 

(max,  °C) 

Cooling 

(min,  °C) 

1 

2400 

2 

_ 

50 

3 

350 
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Two  endothermic  peaks  (temperature  range  +113°C  and  +156°C  )  and  one  exothermic 
peak  at  T  =  +212°C,  finished  to  +240  °C,  were  recorded  at  initial  heating  (step  1).  At  the  next 
heating  (step  3)  endothermic  signals  and  the  first  exothermic  peak  have  not  been  observed. 
At  T=+277°C  only  one  exothermic  peak  have  been  registered  on  DTA-curve. 

The  results  of  the  carried  out  experiment  have  allowed  forming  the  supposition  that 
during  the  heating  up  to  +250°C  the  irreversible  processes  have  taken  place  in  DADNE  and 
as  a  result  the  new  explosive  called  by  us  as  DADNE-T  was  formed. 

For  checkout  of  given  supposition  DADNE  (both  initial  and  crystallized)  has  been 
thermally  treated  at  T  =  +210-215  °C  during  ~1  hour.  The  compounds  of  light  brown  color 
have  been  received  and  the  loss  of  mass  was  ~  35  %  from  the  mass  of  initial  sample  of 
DADNE. 

TGA-  and  DTA-curves  of  DADNE  and  DADNE-T,  received  after  thermal  treatment  at 
temperature  +210  °C  in  1  hour  are  shown  on  Fig.4. 

Comparative  analysis  of  FTIR  of  DADNE  and  DADNE-T  has  shown  that  changes  have 
affected  the  areas  of  wave  numbers,  connected  with  groups  -NEE  and  -NO2.  At  the  same  time, 
the  areas  of  the  complete  coincidence  of  FTIR  of  DADNE  and  DADNE-T  also  include  wave 
numbers  of  these  groups.  These  circumstances  allow  to  support  that  transformation  of 
DADNE  in  DADNE-T  takes  place  with  modification  of  molecular  structure  of  DADNE  in 
which  the  part  of  amino-  and  the  part  of  nitro  groups  participate.  The  reaction  between 
amino-  and  nitro  groups  of  two  adjacent  molecules  of  DADNE  with  formation  of 
heterocyclic  compound  can  be  one  of  possible  processes. 

5.  CONCLUSIONS 

The  following  conclusions  can  be  made  on  the  basis  of  carried  out  experiments. 

DADNE  has  several  (at  least,  three)  polymorphic  modifications,  transitions  between 
them  have  reversible  character.  At  heating  of  DADNE  the  polymorphic  transitions  occur 
with  endothermic  effect  and  have  the  specific  heat  ~  25  J/g  for  low-temperature  (at  ~ 
+113  °C )  polymorphic  transition  and  ~20  J/g  for  high-temperature  (~  +158  °C  )  ones. 

The  mixes  of  crystals  of  three  types  after  crystallization  of  DADNE  from  water,  acetone 
and  water-acetone  mixes  are  received:  tetrahedral  prisms,  crystals  of  the  trimetric  form  and 
hexahedral  prisms.  By  methods  of  FTIR  the  differences  of  the  molecular  structure  of 
received  crystals  are  not  registered. 

DADNE  decomposes  in  two  stages  under  the  heating  higher  than  +210°C  .  The  product 
of  the  first  stage  of  DADNE  decomposition  is  explosive  (DADNE-T)  which,  presumably,  is 
the  product  of  chemical  transformation  of  two  DADNE  molecules  with  participation  of  the 
part  of  amino-  and  nitro  groups. 

REFERENCES 

[1]  H.Qstmar,  A.Langlet,  N.Wingbord,  U.Wellmar  and  U.Bemm:  FOX-7  -  a  New  Explosive 
With  Low  Sensitivity  and  High  Performance,  11.  Symp.  On  Det  (Int.),  pp. 807-812,  31  Aug  -  1 
Sep,  Snowmass,  Colorado,  USA,  1998 

[2]  I.V.  Chemagina,  V.P.  Filin,  N.V.  Garmasheva,  M.B.  Kazakova,  Yu.A.  Shakhtorin, 
N.P.  Taibinov,  B.G.  LOBOIKO”  Investigation  of  Diaminodinitroethylene  (DADNE)  7th 
Zababakhin  Scientific  Talking,  8-12  Sep,  Snezhinsk,  Russia,  2003 


118 


Delta  T  Endo  Down  (°C) 


5 


4.5 

4,0 

3.5 


-1,0  - . - T - T - . - T - . - . - T - T - . - T - 

7  80  100  120  140  160  180  200  220  240  260  280 

Temperature,  °C 


Fig  1.  DTA-curves  of  DADNE  and  HMX 
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Fig  2.  TGA  curves  (a)  and  DTA  curves  (b)  of  initial  DADNE 
and  after  crystalization  one  form  water  acetone  mix 
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Fig  3.  DTA-curves  of  polymorphic  transitions  of  DADNE  (Test  1) 
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Fig  4.  TGA-,  DTA-curves  of  initial  and  thermally  treated  DADNE 
with  heat  rate  2  7min 
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Abstract: 

The  paper  presents  a  theoretical  method,  based  on  Corner's  method,  for  the  estimation 
of  the  thermodynamic  properties  of  solid  propellants.  The  mathematical  model  contains 
the  truncated  virial  equation  of  state,  the  equilibrium  constant  equation  for  each 
chemical  reaction,  the  mass  and  energy  conservation  equations.  The  virial  coefficients 
were  calculated  from  the  intermodular  forces  using  the  Lennard-Jones  6,12  potential 
function.  Based  on  this  model,  a  computer  program,  called  REAL,  has  been  written.  At 
the  end,  one  presents  some  results  obtained  with  this  program  for  three  gun  propellants. 

Keywords:  chemical  equilibrium,  propellants 


1.  INTRODUCTION 


The  thermodynamic  properties  of  solid  propellants  are  those  properties  which  define  the 
final  state  of  the  gases  resulted  after  combustion  at  constant  volume,  in  certain  conditions. 
Accurate  estimation  of  thermodynamic  properties  of  propellants  is  very  important  for 
interior  ballistic  trajectory  simulation  of  artillery  projectiles.  The  adiabatic  flame 
temperature,  the  force,  the  covolume  and  the  ratio  of  specific  heats  are  the  main 
thermodynamic  properties  of  propellants. 

There  are  different  methods  of  calculating  the  properties,  three  of  which  are  Hirschfelder 
-  Sherman  fS|,  Comer  1,1  and  BLAKE  ,2'.  Further  on  it  is  presented  a  method  based  on 
Comer's  method.  This  method  applied  only  to  the  propellant  containing  four  elements  at 
maximum:  carbon,  hydrogen,  oxygen  and  nitrogen.  The  assumptions  made  are: 

the  products  of  combustion  are  in  thermochemical  equilibrium  and  there  is  no  heat 
loss  during  combustion; 

the  virial  equation  of  state,  truncated  after  the  third  term,  is  used  to  describe  the 
products  of  combustion; 

the  thermochemical  equilibrium  is  obtained  through  equilibrium  constants. 

The  truncated  virial  equation  of  state  is  1,1 


PV  ,  nB  n2C 
- —  1  -I - 1 - — , 

nKT  V  V2 


(1) 


where  P  [Pa],  V  [cm3/g],  T  [K]  are  the  pressure,  the  volume  and  the  temperature  of  the  gas,  n 
[mole/g]  -  number  of  moles  of  gas  per  gram;  R=  8,31451  [J/(mole  K)]  -  universal  gas 
constant  and  B  [cm  /mol]  and  C  [cm  /mol-]  -  the  second  and  the  third  virial  coefficients.  The 
virial  coefficients  are  dependent  on  gas  temperature  and  its  composition  and  are  not 
influenced  by  pressure. 
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2. 


CALCULATION  OF  SECOND  AND  THIRD  VIRIAL  COEFFICIENTS 


For  non-polar  gases  (i.e.  C02,  N2,  CO,  etc.),  the  Lennard-Jones  6,12  potential  function  [41 
is  used.  This  function  takes  into  account  the  mutual  attractions  between  molecules  at  greater 
distance  and  the  repulsion  associated  with  close  distance.  The  equation  is 


<b(r)  =  4s 


(  V2 

'  g  ' 


\r  ) 


(  7  6 
'  a  ' 


[J] 


(2) 


where  s  [J]  is  the  maximum  energy  of  attraction,  or  the  depth  of  the  potential  well,  and 
occurs  at  r  =  2^6g  [nm],  a  is  that  value  of  r  for  which  the  potential  function  is  zero.  The 
values  of  s  and  a  for  some  gases  are  given  in  Table  1 . 


Table  1.  Potential  Parameters  for  the  Lennard-Jones  6,12  Potential 
and  Stockmayer  Potential 


Gas 

G 

&/k 

p 

Gas 

G 

s  Ik 

p 

[nm] 

[K] 

(Debye) 

[nm] 

[K] 

(Debye) 

co2 

0.407 

205 

h2 

0.293 

37 

n2 

CO 

0.370 

0.376 

95 

100 

h2o 

0.252 

775 

1.85 

*  kT 

Further  on  we  will  use  the  following  reduced  variables:  the  temperature  T  =  — ,  the 

s 

*  B  *  C  2 

second  virial  coefficient  B  =  —  and  the  third  virial  coefficient  C  =  —  ,  where  bn  =  —  ttTVg3 

7,  7.2  U  -3 


'0 


'() 


[cmVmole],  &=1. 380658  10"  3  J/K  is  the  Boltzmann  constant  and  7V=6. 022137  10ZJ  mole 
the  Avogadro  constant. 

The  second  virial  coefficient  for  gases  is: 


23 


-1 


B  =  ^bu) 

7=0 


27+1 
f  *  A  4 

T 

V  J 


(3) 


2/+i  ^ 

where  bij)  = - T 


4  j 


27-1 


V 


Usually,  the  sum  in  (3)  is  done  up  to 7=40. 


Similar,  the  third  virial  coefficient  is  given  by 


*  ^ 


.O') 


7=0 


7+1 

2 

T 

\  J 


(4) 


where  c(J>  are  tabulated  below. 
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Table  2.  c(J)  values 


j 

0 

1 

2 

3 

4 

5 

6 

7 

8 

cU) 

1.729 

-3.203 

1.519 

0.958 

0.429 

0.059 

-0.140 

-0.210 

-0.205 

j 

9 

10 

11 

12 

13 

14 

15 

16 

17 

cm 

-0.168 

-0.168 

-0.084 

-0.059 

-0.035 

-0.020 

-0.011 

-0.006 

-0.004 

For  polar  gases,  the  Stockmayer  potential  function  f41  is  used,  which  takes  into  account 
dipole-dipole  interactions.  The  function  is 


0(r,  0i ,  02 , 4>2  -  4>i )  =  4s 


"aV2  fc^6 

UJ 


Z 

r j  ^2  ’  ^2  _  ) 


[J] 


(5) 


where  g(01 , 02 , 4>2  -  )  -  2  008(0!  )cos(02  )-sin(01)sin(02)  cos(4>2  —  4>i  ) ,  p  [Debye]  is  the 

dipole  moment  and  0X ,  02 , 4>! ,  <])2  -  the  angles  of  orientation  of  the  molecules.  The  parameters 
s  and  a  have  a  slightly  different  interpretation  here  than  in  the  Lennard-Jones  potential.  Note 
that  the  consideration  of  polarities  necessitates  using  a  third  parameter  (the  dipole  moment), 
which  is  a  new  source  of  uncertainty.  Values  of  p  for  H2O  is  given  in  Table  1. 


8  10  12  14  16  18 


-  C02 

N2 

- CO 


8  10  12  14  16  18 


T 


H2 

H20 


Fig  1.  Reduced  virial  coefficients  vs.  reduced  temperature 


The  equations  for  B  and  C  for  polar  gases  are  very  complicated.  Because  of  this,  they  are 

*  * 

calculated  by  interpolation,  using  the  values  of  B  and  C  tabulated  in  f4'  for  various  values 


124 


*  *  \  [a 

of  T  and  t  -  J 


,  where  p 


is  the  reduced  dipole  moment. 


Vsc j3 


Based  on  the  above  equations,  the  virial  coefficients  of  the  gases  nominated  in  Table  1 
were  calculated.  The  results  are  presented  in  Table  3,  for  temperatures  from  2000  K  up  to 
3500  K.  The  variation  of  the  virial  coefficients  versus  temperature  is  presented  in  Figure  1.  It 
can  be  seen  that  the  second  virial  coefficients  of  the  gases  rise  within  the  temperature  range. 
The  rise  of  the  temperature  increase  the  collisions  between  molecules,  being  influenced  not 
much  by  the  weak  mutual  attraction,  but  affected  by  the  repulsion  associated  with  close 
distance.  An  exception  occurs  at  FF.  The  collisions  between  its  molecules  become  so  strong 
that  the  molecules  interfere  as  their  volume  becomes  smaller.  The  curve  of  the  polar  gas 
(FFO)  lay  below  the  curves  of  the  non-polar  gases,  showing  a  greater  compressibility  of  the 
polar  gases.  This  behavior  owes  to  mutual  attractions  induced  by  the  dipole  moments  into 
the  interaction  potential  between  molecules. 


Table  3. 


3  6  2* 

The  virial  coefficients,  B[ cm  /mol]  and  C  [cm  /mol-]  for  various  gases 


T[K] 

Bc02 

Bn2 

Bco 

Bh2 

Bh20 

Cc02 

Cn2 

Cco 

Ch2 

Ch20 

2000 

38.81 

33.65 

35.22 

-11.37 

2072 

991 

1106 

181 

322 

2100 

39.54 

35.31 

15.91 

-9.77 

2055 

978 

1092 

178 

298 

2200 

mgm 

33.74 

15.82 

-8.26 

2039 

966 

1078 

175 

277 

2300 

mm 

33.76 

15.74 

-6.93 

2023 

954 

1065 

172 

260 

2400 

41.24 

33.77 

35.43 

15.66 

-5.73 

2007 

942 

1053 

170 

245 

2500 

41.69 

33.76 

35.43 

15.57 

-4.66 

1991 

931 

1041 

167 

233 

2600 

33.74 

35.43 

15.49 

-3.7 

1976 

920 

1029 

165 

221 

2700 

42.42 

33.72 

35.42 

15.42 

-2.83 

1961 

910 

1018 

162 

212 

2800 

42.73 

33.68 

35.39 

15.34 

1946 

900 

1007 

160 

203 

2900 

33.64 

35.36 

15.27 

-1.3 

1932 

890 

996 

158 

196 

35.33 

15.19 

1918 

881 

986 

156 

191 

3100 

43.47 

33.55 

35.29 

15.12 

872 

976 

154 

186 

3200 

43.66 

35.24 

863 

966 

152 

182 

3300 

43.84 

33.44 

35.19 

14.98 

1.05 

1877 

855 

957 

150 

179 

3400 

33.38 

35.14 

14.92 

1.53 

1864 

847 

948 

148 

176 

3500 

44.13 

33.32 

14.85 

1.98 

1851 

839 

939 

147 
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For  a  mixture  of  CO2,  CO,  FFO,  FF  and  INF,  the  virial  coefficients  can  be  determined 
assuming  a  certain  combining  law.  The  simplest  one  neglects  interactions  between  molecules 


of  different  types  and  was  proposed  by  Comer  f11 

nB  —  nC02BC02  +  ncoBco  +  nH20Bmo  +  nH2Bm  +  nN2BN2 

[cm3/mol] 

(6) 

nC  —  nc02Cc02  +  ncoCco  +  nH20Cmo  nH2^m  nN2^N2 

where  n  =  nCQ2  +  nco  +  nH2Q  +  nH2  +  nN2  [mole/g]. 

[cm6/mol2] 

(7) 

The  use  of  a  law  that  considers  the  interactions  between  polar  and  non-polar  molecules 
necessitates  taking  into  account  the  polarisability  of  the  non-polar  molecules,  thus  giving  an 
additional  source  of  uncertainty.  The  rigorous  calculation  method  increases  enormously  the 
complexity  for  a  very  small  gain  in  accuracy. 


3. 


CALCULATION  OF  COMPOSITION  AT  A  GIVEN  TEMPERATURE 


Let  a  propellant  composed  of  carbon,  hydrogen,  oxygen  and  nitrogen  atoms.  The 
products  can  be  divided,  based  on  their  amounts,  in  major  products:  C02,  CO,  H20,  H2,  N2 
and  minor  products:  H,  OH,  NO,  N,  O,  02,  CH4,  NH3.  At  temperature  T,  between  this 
products  take  place  the  following  chemical  reactions 


co2  +  h2  <  >  CO  +  h2o, 


H  <- 


AMIUIh2, 

OH+i  H2  <  — >  H20, 
NO+H2  <  K3^  >  -  n2+h2o, 


N  <- 


K4^  >  1  N2, 
2 


o+h2  <  >  h2o, 

2  H2+02  <  — >  2  H20, 

CH4+C02  <  — >  2  CO+2  H2, 

NH3  <  K8^  >  -  N2+  -  Ho. 

2  2 


Writing  for  each  chemical  reaction  the  Guldberg  -  Waage  law,  we  find 


nCO  nH2Q  _ 
nC02  nH2 


(nH2  )2 


-1 


R  T 

~V~ 


A 1, 


-1 


lH20 


'OH 


(' nH2  ) 


Rr 

V 


K  2, 


(nN2  ) 


1 

2  n 


H20 


-1 


( nN2  )- 


R  T 

-1 


K\ 


R  T 

~V~ 


K  4, 


lH20 


R  T 


n0nH 2  V  V 

inH2Q )  . 

(W//2 )  n02 


K  5, 


Rr 

V 


K  6, 


inCOnH2  ) 


Rr 

~\7~ 


j 

\2 


K  7, 


(^W2  )2  (^//2  )2  _  R  T 


lNH  3 


V 


K  8. 


(8) 


where  nco2,  nco,  nmo  •••  [mole/g]  are  the  amount  of  C02,  CO,  H20  ...and KO,  K\,  ...,  KS 
-  the  equilibrium  constants  of  the  chemical  reactions.  The  equilibrium  constants  are 
functions  of  temperature  and  are  given,  at  zero  density,  in  111 .  Because  the  combustion  of  gun 
propellants  occurs  at  high  pressures,  usually  between  100  and  500  [MPa],  it  is  necessary  to 
correct  the  equilibrium  constants.  In  order  to  simplify  the  calculations  without  significantly 
affect  the  accuracy,  only  three  constants  were  corrected  KO,  K2  and  K3.  Those  were  replaced 
in  (8)  by 


f 


.AO  exp 


nAB  n~AC 


V  2  V 


,  A2exp 


nAB  2 

V 


,  A3  exp 


nAB  3 

V 


(9) 


where  n  is  the  amount  of  products  participating  in  the  corresponding  reaction  and 
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Ja B  =  Bco  +  Bn 20  -Bcol  -Bm  ,  AB2  =  20  [cm3  /mol], 

| AC  =  Cco  +  CH20  —  Cc02  —  CH2  ,  AB3  =  20  [cm  /mol]. 

3  6  2 

The  coefficients  B  [cm  /mol]  and  C  [cm  /mol  ]  are  the  second  and  the  third  virial 

coefficients  of  the  products.  Their  values  for  CO2,  CO,  H20,  H2  and  N2  at  2000,  2100, 

....3500  [K]  are  given  in  Table  3. 

Because  there  are  thirteen  unknowns,  nco2,  nco,  nmo ,  •••,  four  more  equations  are 
needed.  Those  are  supplied  by  the  mass  conservation  equation  for  each  atomic  species 

nC02  nC0  nCH4  ~~  C, 

2nH2o  +  2nH  2  +  nH  +  noH  +  ^ncH\  +  3 nNm  =  1 . 

<  (11) 

2 nC02  nCO  nH20  nOH  nNO  nO  ^-n02  ~  O’ 

2nN1  +  nNO  +  nN  +  nNH3  ~  N, 

where  C,  H,  O  N  are  the  amounts  in  g-atoms  of  carbon,  hydrogen,  oxygen  and  nitrogen 
contained  into  one  gram  of  propellants. 

The  calculation  of  composition  at  a  given  temperature  T  is  iterative  as  given  below: 

1.  the  initial  composition  is  calculated  without  pressure  corrections  and  neglecting  all 
the  minor  products; 

2.  the  number  of  gram  atoms  per  gram  of  propellant  is  reduced  according  to  the  minor 
products; 

3.  the  new  composition  is  calculated  tacking  into  account  the  pressure  corrections  and 
the  minor  products; 

4.  the  new  major  products  are  compared  with  the  previous  ones;  if  the  required 
accuracy  is  not  acquired,  the  calculation  proceed  with  step  2. 

This  algorithm  was  written  in  MATHCAD  (see  Figure  2).  The  main  procedure  CP 
returns  the  composition  nco2,  nco,  nmo,  —,  nNm  [mole/g]  at  a  temperature  index  i  (i= 0,  1  ... 
14,  7b=2000  K,  7j=2100  K,  ...  7i4=3500  K).  CP  calls  the  procedure  C02  that  computes  the 
amount  of  C02.  For  example,  consider  the  propellant  X  containing  C= 2238,  H=  3014, 
A/=1044,  (9=3468,  all  in  10"5  [mole/g].  At  V  =  5  [cm3/g]  and  711=3000  K  the  computed 
composition  is  nco2= 318,  nco=  1920,  nmcT 909,  uh2= 592,  ^=521,  nn=  5.4,  uoh=  2.6, 
«m?=0.3,  all  in  10"5  [mole/g].  The  convergence  criteria  err<  10‘9  [mole/g]  was  fulfilled  after 
five  iterations. 

4.  CALCULATION  OF  EQUILIBRIUM  TEMPERATURE 

The  equilibrium  temperature  or  adiabatic  flame  temperature  is  computed  from  the 
condition,  that  the  energy  required  to  heat  the  products  equals  the  heat  of  combustion. 

The  energy  required  to  heat  the  products  at  constant  volume  and  zero  density,  from  the 
reference  temperature  Tr= 300  [K]  to  T  [K]  is 

E0  —  ( nCQ2  CvCQ2  +  ncoCvco  + ...  +  nN2  CvNH2 )(T  —  Tr ) [J/g]  (12) 

where  Cvc02,Cvco,...,CvNH3[ J/(mole  K)]  are  the  mean  specific  heats  of  C02,  CO,  ..., 

NH3,  from  Tr  to  T.  The  values  of  Cv,  for  each  product,  at  constant  volume  and  zero  density, 
are  given  in  111  Because  the  density  of  products  differ  from  zero,  it  is  necessary  to  add  terms 
proportional  to  the  first  and  second  powers  of  the  density. 
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C02(C ,H,  0,N ,K)  =  a  K  1 

b-K(0.5H  +  C  O)  O 
c^C  (C-  O ) 


nH20  ■ nN2 ' 


x<-- - •  -b  b  4  a -c 

2-a 


nN  nN2 ' 


CP(i)  =  n'C02  C02  C,H,  O,N,K0 . 


« 'CO  —  C  n'C02 


n'H20  —  0  -  C  n'C02 
n'H2  0.5  H  O+C  n’C02 
n'N2  0.5  N 

n'H  O  mole  gm  1 
n '()/ !  O  mole  gm  1 
n  'NO  —  O  mole  gm  1 
n'N^O  mole  gm  1 
n’O  O  mole  gm  1 
n  '02i~r  0  mole  ■ gm  1 
n'CH4  O  mole  gm  1 
n'NH3  O  mole  gm  1 


C  C  n'CH4 

H^H  n'H  -  n'OH  -  4  n'CH4  ?>  n'NH3 
O — O  -  n'OH  -  n'NO  -  n'O  2  n'02 
N  N- n'NO  -  n'N  n'NH3 
n  n'CO  n'l  120  n'C02  n'H2 

A  B  B  CO  B  H20  .  -  B  C02  .  BH2 

~  I  —  l  —  l  ~  l 

A  C  C  CO  C  H20  .  -  C  C02  .  CH2 

—  i  —  i  —  i  —  i 


-n-AB  n~-AC 


K>  KO  .  e 


nC02  C02(C,H,0,N,K ) 
nCO  C  nC02 
nH20—0-C  nC02 
nH2  0.5H-O+C '  nC02 
nN2  ■  0.5 -N 


nO^nHM  iJ^  K5 

nH2  R-T.  1 


nCO"  nH2z 


n^nC02  +  nCO  a  nH20  +  nH2  +  nN2  ... 
+  nH  a  nOH  +  nNO  +  nN  +  nO  +  n02 
+  nCH4  +  nNH3 


if  |  nC02  -  n'C02  |-t 
+  nH20  -  n'H20 
+  nN2  -  n'N 2 

n  'CO 2  nC02 
n'CO  nCO 
n'H20  nH20 
n'H 2  nH2 
n  N2  —  nN2 


n'OH'  nOH 
n'NO  —  nNO 


n  'O  —  nO 
n'O  2  —  n02 
n'CH4  nCH4 
n  NH3  nNH3 
break  otherwise 


nCO  -  n'CO  \  ...  > err 
t- 1  nH2  -  n'H2  I  ... 


n  —  n  'OH  +  nH2  O  —  ■  nH2 
2 


n  n  'NO  +  nH20  +  —  -nN2  nH2 
2 


Fig  2.  MATHCAD  procedure  for  the  calculation  of  the  products 
composition  at  a  given  temperature 
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It  can  be  shown  that  the  internal  energy  of  the  products  of  1  g  of  propellants  is 


£  =  £  0  — 


iRT 


f 


V 


d 


d 


ncoiT  irp  Bco2  +  ncoT  Bco  +  ■ 
dT  dT 


n2 R  T  r 
2V1  v 


d 


d 


ncoiT  j  Ccol  +  ncoT  Cco  + ... 
dT  dT 


[J/g] 


(13) 


where  ——BC02,  — Cc()2, ...  are  the  first  derivatives  of  the  virial  coefficients  Bcoi, 

dT  dT 

Ccoi,  ....  This  equation  may  be  written  in  the  easier  form 


^  n^2 


E  E  0+  y  (BcOI^COI  nCQ^CO  J  inC02^'^‘C02  nC0^^C0  +...)[J/g]  (14) 


where  E\co2,  Elco,  E2co2,  E2co,  •••  are  the  corrections  to  internal  energy  for  C02,  CO, 
....  These  corrections  were  calculated  for  the  major  products  and  are  given  in  Table  4. 


Table  4.  Corrections  to  internal  energies, 

El  /1 00  [ (J cm3)/mol2],  E2  /1 000  [(J  cm6)/mol3] 


T[  K] 

E1C02 

E1n2 

Elco 

E1h2 

E1H20 

E2co2  E2n2  E2co  E2h2  E2h20 

2000 

-2594 

-229 

-320 

291 

-6068 

282 

220 

239 

54 

458 

2100 

-2504 

-170 

-257 

317 

-5561 

305 

233 

254 

56 

412 

2200 

-2415 

-111 

-194 

343 

-5809 

328 

246 

268 

59 

372 

2300 

-2327 

-52 

-132 

368 

-5491 

352 

258 

282 

61 

346 

2400 

-2240 

6 

-71 

393 

-5417 

376 

271 

296 

63 

330 

2500 

-2153 

64 

-9 

418 

-5266 

401 

283 

310 

65 

313 

02600 

-2067 

122 

52 

443 

-5155 

425 

295 

324 

67 

293 

2700 

-1982 

179 

112 

468 

-5045 

450 

308 

338 

69 

271 

2800 

-1897 

236 

173 

493 

-4945 

474 

319 

351 

71 

248 

2900 

-1813 

293 

233 

517 

-4850 

499 

331 

364 

73 

223 

3000 

-1729 

350 

293 

541 

-4764 

524 

343 

377 

75 

197 

3100 

-1646 

406 

352 

565 

-4681 

548 

354 

390 

77 

172 

3200 

-1563 

462 

411 

590 

-4603 

573 

366 

403 

79 

149 

3300 

-1480 

518 

470 

613 

-4529 

597 

377 

416 

81 

126 

3400 

-1398 

574 

529 

637 

-4460 

621 

388 

428 

83 

107 

3500 

-1316 

629 

588 

661 

-4394 

646 

399 

440 

85 

92 

From  Table  4  it  can  be  seen  that  the  corrections  El  have  opposite  signs,  and, 
accordingly,  the  summation  over  all  constituents  tends  to  be  small.  Reference  to  the  previous 
example,  £=3472  [J/g],  and  of  this  about  -33  [J/g]  comes  from  £1  terms  and  about  9  [J/g] 
from  the  £2  terms. 

The  variation  of  the  energy  of  formation  is 

A ££  =  EFproducts  -  EFpropellant  [J/g],  (15) 

The  energy  of  formation  of  products  is 


EFpi oducts  nCQ2EFC02  +  nco EFC0  + ...  +  nNH2  EFNH2  [J/g]- 


(16) 
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where  EFC02,  EFco,....,EFNH3  [J/mole]  is  the  standard  energy  of  formation  of  CO2, 

CO,...,  NH3.  The  values  of  the  energy  of  formations  of  products  from  carbon  (s),  hydrogen 
(g),  nitrogen  (g)  and  oxygen  (g),  at  constant  volume  and  standard  conditions,  are  given  in  [11. 

At  equilibrium  E  =  AEF .  As  a  matter  of  fact,  the  calculation  of  equilibrium 
temperature,  is  as  follows: 

1.  two  successive  temperature,  between  we  presume  the  equilibrium  temperature  lies, 
are  chosen  from  the  row  2000,  2100, ...  3500  [K]; 

2.  the  compositions  at  these  two  temperatures  are  computed  according  to  §  3; 

3.  the  variable  f  -  E  -  AEF  is  calculated  for  each  of  two  temperatures; 

4.  if  the  signs  of  two  f  are  the  same  (both  of  them  are  positive  or  both  are  negative), 
the  equilibrium  temperature  do  not  lie  between  the  two  chosen  temperatures;  the 
calculation  must  be  resume  from  step  1 ; 

5.  if  the  signs  of  two  C,  are  different  (one  of  them  is  positive  and  the  other  is  negative) 
the  temperature  corresponding  to  <^=0  are  computed  by  linear  interpolation;  this  is 
just  the  equilibrium  temperature  or  adiabatic  flame  temperature,  Tf,  the  composition 
at  Tf  is  then  calculated  by  interpolation  between  the  two  compositions  from  step  2. 

For  the  propellant  X previously  used  as  an  example,  it  was  presumed  that  the  equilibrium 
temperature  lies  between  3000  [K]  and  3100  [K].  After  the  compositions  were  calculated,  it 
was  found  for  f  the  values  -133.43  [J/g]  and  27.46  [J/g].  The  temperature  for  which  <^=0  is 
77=3082.9  [K].  The  internal  energy  of  producs  at  equilibrium  is  E= 3597.3  [J/g].  The 
composition  at  Tf  is  ncoi= 315,  nco=  1923,  nmo= 911,  nm= 590,  nm= 522,  «?/=6. 9,  «c>//=3.6, 
«m?= 0.4,  total  number  of  moles  w=4271.9,  all  in  10"5  [mole/g]. 


5.  CALCULATION  OF  THERMODINAMIC  PROPERETIES 


The  pressure  at  equilibrium  is  calculated  from  (1),  using  the  combining  laws  (6)  and  (7). 
The  virial  coefficients  of  the  products  at  Tf  are  calculated  by  interpolation  in  Table  3. 

By  definition,  the  force  and  covolume  can  be  expressed  as 

f  =  nmf  [J/g]  (17) 

r]  =  y-j  [cm3/g]  (18) 

The  molecular  mass  and  the  ratio  of  specific  heats  of  the  products  are 

M  =  —  [mol/g],  (19) 

n 


.  ndl 
y  =  \  +  ^~ 
Cv 


where  C\  = 


E(Tf)-E(0JTf ) 


(20) 


[J/(g  K)],  is  the  mean  Cv  over  the  range  Tf  to  0.7  Tf  and  E{T) 


0.377 

is  the  internal  energy  ,  at  temperature  T 111 . 

For  example,  the  thermodynamic  properties  of  the  above-mentioned  propellant  X  are: 
77=3082.9  [K], 095.1  [J/g],  q=1.067  [cm3/g],  M=23.406  [g/mole],  y=1.235. 
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6. 


COMPUTER  PROGRAM  REAL 


The  above-described  method  was  used  to  write  a  computer  program  called  REAL.  The 
input  data  required  for  the  calculation  of  thermodynamic  properties  are:  composition  of 
propellant,  and  specific  volume. 

Using  REAL,  there  were  calculated  the  thermodynamic  properties  of  three  propellants  at 
T=5  [g/cm  ].  The  results  were  summarized  in  Table  5.  For  comparison,  Table  5  includes  the 
results  obtained  with  Corner's  method  and  BLAKE  f31. 


Table  5.  Thermodynamic  properties  of  three  propellants 


Method 

Tf 

[K] 

M 

[g/mole] 

P 

[MPal 

/ 

[J/g] 

q 

[cm3/gl 

Y 

r-i 

M1A1 

CORNER 

2262 

21.762 

216.3 

864.0 

1.006 

1.280 

REAL 

2266 

21.744 

225.8 

866.5 

1.162 

1.276 

BLAKE 

2283 

21.764 

224.6 

872.3 

1.118 

1.273 

M14 

CORNER 

2722 

23.061 

243.6 

981.3 

0.971 

1.246 

REAL 

2731 

23.061 

252.4 

984.6 

1.099 

1.246 

BLAKE 

2743 

23.085 

251.3 

988.0 

1.069 

1.254 

M26E1 

CORNER 

3106 

23.868 

267.0 

1082 

0.948 

1.234 

REAL 

3116 

23.867 

274.8 

1085 

1.051 

1.233 

BLAKE 

3125 

23.889 

274.2 

1087 

1.034 

1.239 

It  can  be  seen  that  compared  with  BLAKE,  REAL  computes  /  and  y  with  an  error  less 
than  0.5  %,  Tf  P  and  M  with  an  error  less  than  1  %  and  r\  with  an  error  less  than  5  %.  As  a 
general  rule,  the  error  lowers  as  the  temperature  increases. 


7.  CONCLUSIONS 

The  presented  method  allows  a  better  estimation  of  the  thermodynamic  properties  of 
solid  propellants  than  Comer's  method.  This  is  due  only  to  the  recalculation  of  the  virial 
coefficients  and  the  corrections  of  the  internal  energy,  using  the  Lennard-Jones  6,12  and 
Stockmayer  potential  functions. 
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Abstract: 

As  well  as  improving  the  survivability  of  weapons  and  platforms,  Insensitive  Munitions 
(IM)  reduce  both  casualty  rates  and  mission  losses.  Their  use  also  leads  to  improved 
safety  during  storage  and  transportation.  For  a  munition  to  completely  fulfil  IM  criteria 
each  of  its  energetic  sub-systems  must  be  IM  compliant. 

The  initiator  and  explosive  train  are  the  most  critical  of  these  sub-systems;  their  safety 
and  reliability  are  paramount  if  the  weapon  is  to  be  suitable  for  service  use.  They  are 
generally  the  most  difficult  part  of  a  weapon  system  to  protect  from  inadvertent 
initiation  since  their  primary  function  is  initiation  of  the  main  charge  explosive. 

In  the  last  decade,  a  number  of  new  high  temperature  compounds  with  improved  power 
outputs  and  potential  for  both  exploding  foil  initiator  (EFI)  and  explosive  train 
applications  have  been  reported.  Several  of  the  more  promising  materials  based  on 
pyrazine,  pyridine  and  polynitro-  aromatic  systems  have  been  successfully  synthesised 
and  characterised. 

Keywords:  explosive  train,  exploding  foil  initiator,  IM,  pyrazine,  polynitro-, 

initiators 


1.  INTRODUCTION 

Insensitive  munitions  (IM)  improve  the  survivability  of  weapon  systems  and  their 
associated  platforms  from  accident  or  enemy  action.  This  can  lead  to  a  reduction  in 
casualties,  mission  losses  and  whole  of  life  costs  while  still  giving  equivalent  performance. 
For  this  reason  the  UK  armed  forces  include  IM  in  their  weapons  buying  policies  and 
research  programmes. 

Research  into  the  technologies  that  make  the  energetic  subsystems  of  a  weapon 
insensitive  will  contribute  to  allowing  the  whole  system  to  become  an  IM.  The  initiator  and 
explosive  train  systems  (Fig.  1)  are  the  most  difficult  to  protect  since  their  primary  function  is 
the  initiation  of  the  main  charge  explosive.  Improved  initiatory  systems  are  required  for  IM 
weapons.  They  must  reliably  initiate  IM  booster  explosives  in  the  design  mode  but  not  when 
they  are  accidentally  initiated  by  external  threats.  Exploding  foil  initiators  (EFIs)  are  high 
voltage  detonators  that  can  fulfil  IM  criteria  for  initiatory  systems.  They  do  not  require 
mechanical  safety  and  arming  unit  and  can  therefore  be  used  ‘in-line’. 


132 


Explosive  Train  and  Main  Charge 


Fig  1. 

Hexanitrostilbene  (HNS)  (1)  has  been  used  recently  in  the  UK  for  achieving  detonation 
transfer  and  as  a  booster  explosive  1  '.  Although  not  completely  IM  compliant  its  high 
thermal  stability  (318°C)  and  insensitiveness  make  it  ideal  for  low  vulnerability  weapon 
applications.  However,  it  has  low  power  output  as  well  as  poor  handling  and  pressing 
characteristics.  The  low  power  output  is  due  to  its  low  density  (1.74  g  cm"3)  and  aromatic 
structure  which  does  not  provide  optimum  energy  release.  As  a  result  of  this  its  use  in  such 
devices  is  limited. 

1, 3, 5-Triamino-2, 4, 6-trinitrobenzene  (TATB)  (2)  is  another  insensitive  explosive  with 
good  thermal  characteristics,  but  its  use  is  limited  by  its  critical  diameter  of  4mm  (density 
1.86  g  cm"  )  when  unconfined.  This  prevents  the  transmission  of  detonation  when  it  is 
pressed  into  narrow  channels. 


h2n 


no2 

o2n 
o2n 

(1) 

In  the  last  decade  many  new  high  temperature  insensitive  heterocyclic  and  carbocyclic 
compounds  have  been  reported  with  improved  power  output,  which  may  have  potential  for 
EFIs  and  explosive  train  applications. 

2,6-Diamino-3,5-dinitropyrazine  (ANPZ)  (3),  2, 6-diamino-3,5-dinitropyrazine- 1-oxide 
(PZO)  (4),  2,6-diamino-3,5-dinitro  pyridine- 1 -oxide  (DADNPO)  (5),  nonanitro  m-terphenyl 
(NONA)  (6),  [(3-picrylamino)- 1,2, 4-triazole]  (PATO)  (7),  and  5,7-diamino-4,6- 
dinitrobenzofuroxan  (CL- 14)  (8)  are  just  several  novel  compounds  which  have  been  selected 
as  potential  replacements  for  HNS  and  TATB  (Fig  2). 


NH, 


NO-, 


(2) 
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(3)  (4)  (5) 


ANPZ  PZO  DADNPO 


(8) 

CL- 14 


Fig  2. 

The  selection  criteria  were  ease  of  synthesis,  thermal  stability  (Mpt.  >  300°C)  and 
explosive  power  output  (Pc_j  calculated)  which  should  be  at  least  10%  in  excess  of  that  of 
HNS  i.e.  a  minimum  of  240  kbar.  Most  of  the  aforementioned  compounds  are  based  on 
nitrogen  heterocycles  (with  the  exception  of  NONA).  The  substitution  of  carbon  by  nitrogen 
gives  them  improved  thermochemistry,  it  also  increases  their  oxygen  balance  and  reduces 
their  aromatic  stabilisation  energy.  Both  of  these  factors  contribute  to  an  overall  increase  in 
explosive  power  output  1  '.  In  addition,  these  classes  of  compounds  have  strong 
intermolecular  interactions  in  the  crystal  structure.  These  interactions  result  from  the  dipolar 
nature  of  the  constituents  (e.g.  amino  groups)  which  can  participate  in  hydrogen  bonding 
interactions  and  as  a  result  of  the  polar  nature  of  the  ring  nuclei  as  compared  to  carbocyclic 
nuclei.  As  a  result  of  these  interactions  a  high  melting  point  is  observed  for  such  compounds. 

'j 

The  compounds  selected  have  high  densities  (1.8  g  cm’  with  the  exception  of  NONA) 
which  has  the  effect  of  increasing  explosive  output  since  Pc-j  increases  with  the  square  of  the 
density  ,2'.  NONA  is  the  exception  to  the  list  and  was  selected  on  the  basis  of  its  high 
melting  point  (>  400°C)  and  is  reportedly  being  used  in  a  number  of  commercial  devices  f3' . 

The  above  mentioned  compounds  were  synthesised  in  50  g  quantities  to  undertake  an 
independent  evaluation  and  characterise  their  hazard  properties.  This  evaluation  would 
provide  the  basis  for  whether  such  compounds  could  be  used  as  TATB  and  HNS 
replacements  for  IM  sub-systems. 
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2.  RESULTS  AND  DISCUSSION 


Several  methods  f4"61  have  been  reported  for  the  synthesis  of  PZO  and  ANPZ.  The  Route 
disclosed  in  the  Russian  Patent  f6'  starts  from  the  commercially  available  2,6-dichloro 
pyrazine  (9)  (Scheme  1)  which  upon  methoxylation  using  sodium  methoxide  in  refluxing 
methanol  afforded  the  2-chloro-6-methoxy  pyrazine  (10)  in  85%  yield.  Nitration  of  this  with 
30%  oleum  and  100%  nitric  acid  gave  the  2-chloro-6-methoxy-3,5-dinitro  pyrazine  (11)  in 
55%  yield.  Subsequent  treatment  of  this  material  with  aqueous  ammonia  in  acetonitrile  at 
60°C  gave  ANPZ  (as  a  yellow/orange  powder  in  83%  yield.  Oxidation  with  30%  hydrogen 
peroxide  in  trifluoroacetic  acid  afforded  PZO  in  90%  yield.  Characterisation  and  hazard  data 
for  all  the  aforementioned  compounds  are  given  in  Table  1. 


N 


A 


N 


Cl' 


..  NaOMe/MeOH 
‘N^^Cl  85%  MeO' 


O.N 


HNOVOleum  75°C 


55% 


MeO 


(9) 


(10) 


(ID 


NH3  (aq)/MeCN 
60°C 


(4) 


tfa/h2o2 


83% 


(3) 


Scheme  1 


ANPZ  is  found  to  be  insensitive  to  impact  and  friction  with  good  thermal  stability.  PZO 
has  also  good  thermal  stability  but  the  material  was  found  to  have  similar  sensitivity  to 
HMX.  This  was  unexpected  since  earlier  reports  f4"61  suggest  a  much  higher  value  for 
insensitivity.  Analysis  of  the  material  could  only  detect  small  amounts  of  ANPZ  precursor 
which  would  be  unlikely  to  result  in  a  higher  sensitivity  since  this  material  is  known  to  be 
very  insensitive.  Further  work  to  identify  the  higher  sensitivity  issues  are  still  under 
investigation. 

DADNPO  has  been  reported  in  the  mid  90s  f7,81  and  can  be  easily  prepared  by  nitration 
of  2,6-diaminopyridine  (12)  followed  by  oxidation  of  the  dinitro-  derivative  (13)  using  acetic 
acid/hydrogen  peroxide  in  58%  yield  (Scheme  2). 


h2n 


CAN 


Ncy 


A 


..  HNO3/H7SO4 

. 

N  NH2 


66% 


H7N 


reflux 


Ac0H/H202 

58% 


(5) 


(12) 

Scheme  2 


(13) 


This  material  is  found  to  be  insensitive  to  both  impact  and  friction  and  is  likely  to  be  a 
promising  candidate  for  future  investigations. 
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NONA  is  an  explosive  of  the  polynitropolyaryl  class  which  possesses  excellent  thermal 
stability  (Mpt.  440-450°C).  The  material  was  developed  for  space  applications  in  the  1960’s 
by  NOL  f9'.  The  original  synthesis  involved  high  temperature  Ullmann  coupling  of  picryl 
chloride  (14)  with  1, 3 -dichloro-2, 4, 6-trinitrobenzene  (15)  in  the  presence  of  copper  powder 
using  a  mixture  of  benzene  and  nitrobenzene  solvent  system  (Scheme  3) 


Scheme  3 

The  reaction  is  low  yielding  and  the  workup  is  complex  and  laborious  due  to  the  similar 
solubilities  of  the  hexanitrobiphenyl  by-product  and  NONA.  The  use  of  the  dibromo- 
precursor  was  found  to  give  higher  yields  and  cleaner  reactions. 

An  alternative  route  f10'  utilising  bipicryl  chloride  (18)  was  also  investigated  (Scheme  4) 
as  this  compound  was  potentially  a  key  precursor  in  the  synthesis  of  NONA.  The  reaction  of 
bromoanisole  (16)  with  picryl  bromide  (17)  followed  by  nitration  and  dehalogenation  gave 
(18).  This  was  subsequently  coupled  with  (14)  to  give  NONA. 


Scheme  4 
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The  approach  by  Bellamy  ,n|  (Scheme  5)  utilised  a  series  of  low  temperature  Ullmann 
coupling  reactions  with  associated  nitrations  and  halogenations.  This  gave  access  to  the 
penultimate  methoxy-NONA  precursor  (20).  However  in  our  hands  this  procedure  proved 
troublesome  and  despite  activation  by  the  methoxy  group  only  the  octanitro-  derivative  could 
be  obtained  reliably. 


(18) 


OMe 


Scheme  5 

A  sample  of  NONA  was  prepared  via  the  original  and  bipicryl  route  for  characterisation 
and  hazard  evaluation.  The  material  was  found  to  be  more  sensitive  than  anticipated  having 
a  sensitivity  similar  to  that  of  PETN.  This  high  sensitivity  was  unexpected  for  this  material 
and  coupled  with  the  complex  and  laborious  work-up  may  preclude  this  material  from 
further  assessment. 

5,7-Diamino-4,6-dinitrobenzofuroxan  (CL- 14)  has  been  studied  extensively  in  the  US  by 
several  organizations  f12"16'.  The  synthesis  of  CL- 14  (Scheme  6)  involves  azidation 
of  tetranitroaniline  (21)  followed  by  ring  closure  to  give  7-amino-4,6-dinitrobenzofuroxan 
(22).  Amination  in  the  presence  of  potassium  hydroxide  furnished  the  potassium  salt  which 
was  subsequently  acidified  to  give  CL-14. 
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(22) 


Scheme  6 

Sufficient  quantities  of  CL- 14  were  prepared  by  this  route  for  evaluation,  however  the 
material  upon  hazard  assessment  was  found  to  exhibit  high  sensitiveness  to  impact  (similar 
to  PETN).  The  increased  sensitivity  was  traced  to  the  presence  of  <2%  of  an  unknown 
impurity.  The  impurity  was  found  to  be  a  phenolic  compound  arising  from  a  competing 
hydrolysis  reaction  during  the  workup  procedure  employed  in  the  synthesis  of  the 
tetranitroaniline  intermediate.  Careful  workup  reduced  the  amount  significantly  and  this  was 
borne  out  by  the  hazard  data  from  a  second  batch  of  CL- 14.  The  sensitiveness  had  been 
reduced  to  HMX  levels  but  was  still  undesirable.  The  insolubility  of  CL- 14  in  virtually  most 
solvents  made  recrystallisation  difficult.  Attempts  to  recrystallise  from  solvents  such  as 
DMF  and  DMSO  resulted  in  decomposition  of  the  compound.  Alternative  methods  to 
prepare  CL- 14  also  met  with  failure  or  gave  impure  material. 

[(3-Picrylamino)- 1,2, 4-triazole]  (PATO)  was  prepared  using  the  method  outlined  by 
Cobum  f17'.  This  involved  condensation  of  3 -amino- 1,2, 4-triazole  with  (14)  (Scheme  7).  Li 
and  co-workers  f18'  reported  a  modified  procedure  using  tetryl  instead  of  (14). 


(7) 


Scheme  7 

The  material  has  excellent  thermal  properties,  is  very  insensitive  to  stimuli  and  does  not 
suffer  the  detonability  problems  associated  with  TATB.  PATO  has  been  successfully  pressed 
into  pellets,  however  later  batches  of  PATO  did  not  press  well.  This  was  found  to  result  from 
a  change  in  crystal  habit  when  compared  to  earlier  batches.  The  needle-like  crystals  from  the 
later  batches  were  found  to  be  the  cause  of  the  poor  pressing. 
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Table  1. 


Compound 

Melting 
Point"  (°C) 

Density 
(g  cm'3) 

Pc-jb  (kbar) 

Rotary  Friction 
(F  of  I) 

Rotter  Test 
(F  ofF) 

ANPZ 

338.5 

1.84 

296 

>6 

145 

PZO 

333.5 

1.91 

330 

4.5 

54 

DADNPO 

322.5 

1.88 

303 

5.9 

93 

NONA 

440c 

1.78 

255 

2.1 

37 

PATO 

315.6 

1.82 

307d 

>6 

>168 

CL- 14 

287.7 

1.94 

337 

4.5 

58 

a)  DSC  onset  value 

b)  Calculated  by  Detonics  Modelling  Group,  QinetiQ. 

c)  NOL  data 

d)  Based  on  density  of  1 .94  |U| 


3.  CONCLUSIONS 

A  number  of  high-energy  heterocyclic  and  carbocyclic  compounds  have  been  prepared 
and  characterised  as  potential  replacements  for  TATB  and  HNS  in  initiators  and  explosive 
trains. 

ANPZ  is  an  attractive  candidate  due  to  its  high  insensitivity  and  high  power  output.  The 
ease  of  synthesis  and  the  possibility  to  obtain  PZO  from  ANPZ  result  in  an  overall  more 
economical  process  since  two  compounds  could  in  theory  be  obtained  from  the  same  starting 
materials.  The  only  disadvantage  at  present  to  this  material  is  the  high  price  and  availability 
of  the  starting  material  (9). 

DADNPO  is  another  high-energy  compound  showing  promise  as  preliminary  hazard 
assessments  have  demonstrated  it  to  be  quite  insensitive.  The  ease  of  synthesis  from  readily 
available  and  relatively  low  cost  starting  materials  make  it  an  ideal  candidate  for  booster 
applications. 

The  first  batch  of  CL- 14  was  found  to  be  extremely  sensitive  (similar  to  PETN)  due  to  a 
minor  amount  of  unknown  impurity,  which  was  believed  to  be  carried  through  from  the 
initial  preparation  of  the  tetranitroaniline  starting  material.  Although  this  impurity  could  not 
be  totally  eliminated  its  amount  could  be  reduced.  This  was  borne  out  by  later  hazard  data 
which  showed  a  decrease  in  sensitivity  to  HMX  levels.  The  main  problem  of  purification 
arose  from  the  insolubility  of  CL- 14  in  common  solvent  systems  and  its  ease  of 
decomposition  in  certain  solvents  during  attempted  recrystallisation.  In  order  to  consider  this 
material  for  further  evaluation,  alternative  purification  procedures  would  need  to  be 
developed  for  the  final  product  or  even  the  starting  tetranitroaniline  precursor. 

NONA  is  a  promising  material  due  to  its  very  high  thermal  stability.  Problems  with  its 
synthesis  have  been  identified  and  its  high  sensitiveness  to  impact. 

PATO  is  showing  great  promise  and  has  been  successfully  pressed  into  pellets. 
Surprisingly  in  some  of  the  later  batches,  needle-like  crystals  were  obtained  after  purification 
which  was  found  to  be  difficult  to  press.  The  addition  of  pressing  agents  and  further 
investigation  into  the  purification  method  may  be  required  to  overcome  this  problem. 
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PZO,  a  leading  candidate  was  unexpectedly  found  to  be  more  sensitive  than  the  same 
material  synthesised  at  LLNL  in  the  US.  At  present  the  reason  for  this  is  unclear  as  the  only 
identifiable  impurity  is  ANPZ. 
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Abstract: 

The  initial  microstructure  of  hot  pressed  polymer  bonded  explosives  and  its  evolution 
under  thermal  and  mechanical  aggressions  were  studied.  The  thermal  aggressions 
include  low  temperature  freezing  and  frozen  combustion.  Mechanical  aggressions 
include  tension,  compression,  ultrasonic  wave  insult  and  long-pulse  low-velocity  impact. 
The  mechanical  properties  under  tension  and  compression  were  studied  and  compared. 
Brazilian  test  was  used  to  study  the  tensile  properties.  The  failure  mechanisms  of 
polymer  bonded  explosives  under  different  loading  conditions  were  analyzed. 

Keywords:  polymer  bonded  explosive,  microstructure,  mechanical  properties, 

mechanical  failure 


1.  INTRODUCTION 

The  study  of  the  microstmcture,  mechanical  properties  and  mechanical  failure  is  of 
crucial  importance  for  the  design,  safety  evaluation,  and  life  prediction  of  energetic  materials. 
Energetic  materials  may  submit  to  different  external  stimuli,  e.g.  compression,  tension  and 
impact,  resulting  in  the  change  of  micro  structure  and  even  mechanical  failure.  Damage 
caused  by  external  stimuli  influences  not  only  the  mechanical  properties,  but  also  the 
sensitivity,  combustion  and  even  detonation  behavior  of  energetic  materials.  Numerous 
studies  have  shown  that  the  presence  of  defects,  such  as  pores  or  cracks,  can  greatly  increase 
the  sensitivity  of  the  energetic  materials  because  they  are  potential  hot  spots  where  chemical 
reactions  are  likely  to  happen  and  also  because  they  increase  the  specific  area  available  for 
combustion. 

Polymer  bonded  explosives  (PBXs)  are  highly  particle  filled  composite  materials 
comprised  of  crystals  of  a  secondary  explosive  and  a  polymer  binder.  They  are  used  in  both 
civil  and  military  applications  when  very  high  performance  is  required.  The  study  of  the 
mechanical  properties  and  failure  mechanisms  of  PBXs  has  drawn  tremendous  attention  in 
recent  years  11,21 .  Low  strengths  and  safety  concerns  bring  additional  difficulties  in  preparing 
samples  and  conducting  mechanical  tests  of  PBXs.  Optical  and  electronic  microscopic 
examinations  are  effective  methods  to  study  the  microstructure  and  its  evolution  and  to 
reveal  the  mesomechanical  deformation  and  failure  mechanisms  of  explosive  materials. 
Different  microscopic  methods  including  scanning  electronic  microscopy  (SEM), 
environmental  scanning  electronic  microscopy  (ESEM)  131  and  polarized  light  microscopy 
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(PLM)  f41  have  been  successfully  used  in  this  regard.  Brazilian  test,  or  diametrical 
compression,  in  which  a  disc  of  material  is  loaded  diametrically  in  compression,  has  been 
used  to  generate  tensile  stress  and  evaluate  the  tensile  failure  stress  of  a  material  without  the 
inconvenience  of  uniaxial  dumbbell  testing.  Due  to  its  low  cost,  ease  of  preparing  samples 
and  operation,  Brazilian  test  has  been  widely  used  to  evaluate  the  tensile  properties  of 
explosives  ,5’  61 .  The  present  paper  presents  the  study  of  the  microstructure,  mechanical 
properties  and  mechanical  failure  of  polymer  bonded  explosives  conducted  in  our  laboratory. 

2.  EXPERIMENTS 

Hot  pressed  HMX-based  PBXN-5  was  used  in  the  experiments.  PBXN-5  contains  HMX 
94.5%-95.0%  and  fluorin  rubber  5.0%-5.5%  by  weight.  Molding  powder  was  pressed  into 
different  sizes  of  samples  in  steel  dies.  The  pressing  temperature  was  100  °  and  the  time 
duration  of  pressing  was  1.5  h.  To  generate  different  microstructure,  different  pressure  was 
used,  ranging  from  25  MPa  to  400  MPa.  For  mechanical  test  samples,  the  pressure  was  fixed 
to  200  MPa. 

To  examine  the  evolution  of  microstructure  under  different  stimuli,  pressed  PBXN-5 
samples  were  subjected  to  different  thermal  and  mechanical  aggressions.  The  thermal 
aggressions  included  low  temperature  freezing  and  frozen  combustion.  Mechanical 
aggression  included  Brazilian  test,  uniaxial  compression,  ultrasonic  wave  test  and  long-pulse 
low- velocity  impact.  To  evaluate  the  influences  of  freezing,  low  temperature  freezing  tests 
were  conducted  by  keeping  samples  in  dry  ice  and  liquefied  nitrogen  for  5  minutes.  In  frozen 
combustion  test,  samples  were  ignited  by  a  flame,  and  after  a  few  seconds,  were  dropped  in  a 
water  bucket  where  it  was  instantly  cooled  and  extinguished.  Ultrasonic  waves  are  basically 
a  mechanical  aggression  which  is  very  different  from  shocks  or  impacts.  In  ultrasonic  test, 
samples  were  submitted  to  ultrasonic  waves  in  a  bath  with  distilled  water  for  5  minutes.  A 
long-pulse  low-velocity  gas  gun  with  a  gas  buffer  was  also  developed  and  used  to  apply 
dynamic  compression,  through  which  the  time  duration  of  dynamic  compression  can  be 
extended  to  several  milliseconds  ,7’8'.  The  explosive  samples  were  confined  in  a  steel  tube 
during  impact. 

SEM  and  optical  microscopy  were  used  to  examine  the  micro  structure  of  the  explosive. 
Low  toughness  and  safety  concerns  bring  additional  difficulties  in  preparing  PBX  samples 
for  microscopic  examination.  In  microscopic  examination,  samples  were  first  ground  using 
standard  fine  silicon  carbide  papers  (800  grid)  to  obtain  a  flat  surface.  Final  polishing  was 
carried  out  in  an  automatic  polishing  machine  using  1  jum  alpha  alumina  powder,  at  a  load  of 
50  g,  while  being  lubricated  with  distilled  water.  To  avoid  bringing  additional  unexpected 
damage  to  the  samples,  especially  the  damaged  or  fractured  samples,  during  polishing, 
samples  were  first  potted  in  commercial  low-viscosity  epoxide  mounts  with  traditional 
amine  hardening  agent  and  then  cured.  To  better  reveal  the  details  of  the  microstructure,  iso¬ 
methyl  butyl  ketone  was  selected  to  etch  the  surface. 

A  Brazilian  test  apparatus  was  developed  to  study  the  tensile  properties  of  PBXs,  in 
which  a  CCD  camera  was  attached  to  conduct  real  time  microstractural  examination  of  the 
explosive  sample  during  loading.  In  general  failure  occurs  along  the  vertical  axis  in  Brazilian 
test,  which  brings  convenience  for  real  time  examination  of  the  micro  structural  evolution. 
Uniaxial  compression  was  also  conducted  to  evaluate  the  compression  properties  of  the 
explosives.  Different  strain  rates  were  used  in  both  Brazilian  test  and  compression.  The 
sample  sizes  were  (j)\ 0mmxl2mm  for  compression  and  ^20mmxl0mmfor  Brazilian  test  and 
low  velocity  impact  respectively. 
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3. 


RESULTS  AND  DISCUSSION 


The  pressing  pressure  greatly  influenced  the  microstructure  of  pressed  PBXN-5.  At  low 
pressing  pressure,  a  lot  of  intergranular  voids  were  still  present.  With  the  increase  of  pressure, 
the  intergranular  voids  decreased,  however  crystal  fractures  also  occurred.  When  the 
pressing  pressure  reached  100  MPa,  extensive  crystal  fractures  can  be  observed.  Fig.l  shows 
a  micrograph  of  PBXN-5  with  a  porosity  of  2.5%  pressed  under  100  MPa.  It  is  clearly  shown 
that  various  forms  of  defects  are  present  in  pressed  PBXN-5,  including  intergranular  voids, 
debonding  of  the  binder  from  crystals,  and  crystal  factures.  In  addition,  deformation 
twinning  can  also  be  observed  on  large  crystals  in  some  cases.  To  further  examine  the 
micro  structure  of  HMX  crystals,  pressed  PBXN-5  was  keeping  in  a  selected  solution  for 
enough  time  to  totally  remove  the  binder  and  leave  the  explosive  particles  alone,  and  then 
the  obtained  explosive  particles  were  examined  by  SEM.  Fig.2  shows  the  microstructure  of 
the  recovered  HMX  crystals  after  pressing  at  100  MPa,  showing  the  presence  of  extensive 
fracture  of  particles  and  a  lot  of  microcracks.  Crystal  fractures  are  mainly  associated  with 
particle-to-particle  contacts  due  to  an  extremely  high  concentration  (over  90  %)  of  explosive 
crystals  in  PBX.  Another  important  phenomenon  in  pressed  PBX  was  the  presence  of 
deformation  twinning,  an  evidence  of  plastic  deformation  of  explosive  crystals  during 
pressing.  The  above  results  also  reveal  that  considerable  initial  damage  is  present  in  hot 
pressed  PBX.  Pressing  not  only  consolidates  the  molding  powder,  but  also  induces  new 
damage  to  explosive  crystals. 

When  PBXN-5  was  subjected  to  freezing  in  dry  ice  for  5  minutes,  no  visible  cracks  were 
observed.  However  when  PBXN-5  was  subjected  to  freezing  in  liquefied  nitrogen  for  5 
minutes,  cracks  were  initiated.  Some  small  cracks  were  linked  together  and  formed  larger 
ones.  The  cracks  propagated  mainly  along  the  crystal  boundaries.  The  results  show  that  the 
interfacial  strength  of  PBXN-5  is  low.  Recent  thermal  shock  experiments  also  showed  that 
cracking  can  be  initiated  when  PBX  sample  was  transferred  from  a  lower  temperature  water 
environment  (2°)  to  a  higher  temperature  water  environment  (25  °~  30°)  191 .  Due  to  the  large 
difference  of  thermal  expansion  properties  between  explosive  and  binder,  PBX  has  poor 
resistance  to  thermal  shock. 

Macroscopically  the  recovered  sample  subjected  to  frozen  combustion  had  an  undulating, 
gooey  appearance  and  was  brown  in  color  compared  with  the  pristine  white  of  unbumed 
PBXN-5.  Cross  sectional  views  showed  the  presence  of  three  characteristic  zones  including 
fusion  zone,  heat  affected  zone  and  base  material.  The  fusion  zone  was  characterized  by 
uneven  edges  and  internal  void  regions  which  resembled  bubbles.  This  may  be  the  result  of 
decomposition  gases  trapped  in  the  melt  as  it  solidified.  The  heat  affected  zone  was 
dominated  by  extensive  interfacial  debonding.  The  zone  of  base  material  resembled  unheated, 
original  materials.  Fig.3  shows  a  plan  view  of  recovered  sample.  Because  part  of  binder  has 
been  destroyed  by  combustion,  HMX  crystals  are  exposed.  The  plan  view  is  dominated  by 
pits  and  pocks,  especially  for  HMX  crystals.  At  high  resolution,  some  of  the  pits  and  pocks 
reveal  ordered,  columnar  crystal  growth,  indicating  possible  phase  transition  from 
[3  -  HMX  to  5  -  HMX  .  More  experiments  are  needed  to  investigate  the  possible  phase 
transition. 

Fig.4  shows  a  plan  view  of  PBXN-5  damaged  by  ultrasonic  waves  for  5  minutes.  A  lot 
of  pull-outs  can  be  observed  and  some  of  them  are  very  large  and  involve  many  grains.  The 
balls  of  the  initial  molding  powder  may  have  an  influence  on  that  process.  The  grains  do  not 
seem  to  be  broken  and  no  intragranular  cracks  can  be  detected.  Besides,  nearly  all  the 
contacts  between  the  grains  are  debonded.  The  above  results  show  that  ultrasonic  waves  are 
able  to  seriously  damage  pressed  PBXN-5.  Ultrasonic  waves  are  frequently  used  in  polishing 
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process  to  clean  the  samples  before  microscopic  examination,  however  it  seems  to  be 
inappropriate  for  PBX  materials. 

Real  time  microscopic  examination  of  Brazilian  test  revealed  that  the  failure  first  started 
at  several  independent  sites,  usually  around  the  boundaries  of  the  larger  HMX  filler  particles 
and  formed  microcracks.  These  microcracks  linked  up  into  larger  cracks  and  finally  induced 
the  rupture  of  the  samples.  The  initial  damage  such  as  debonding  and  uncoating  generated 
during  hot  pressing  are  the  origins  of  failure.  Fig. 5  shows  that  a  crack  is  extending  along  the 
boundaries  of  larger  particles.  Fig. 6  shows  some  extended  binder  filaments  bridging  the 
crack  surfaces,  demonstrating  that  the  binder  undergoes  considerable  deformation.  Plan 
views  of  the  fracture  routes  showed  that  crystal  fracture  was  very  rare,  but  may  appear  due  to 
the  orientation  of  some  larger  particles  perpendicular  to  an  advancing  crack  path. 

The  fracture  surfaces  in  Brazilian  test  were  rough,  with  some  partiles  completely  pulled 
out.  Larger  particles  exhibited  clean  crystal  faces  due  to  the  debonding  of  binder  from 
particles.  In  contrast,  the  finer  particles  appeared  rough  having  binder  fibrils  fractured  due  to 
extensive  deformation.  Fig.7  shows  a  typical  fractograph  of  PBXN-5  under  quasi-static 
Brazilian  test,  in  which  both  clean  crystal  surfaces  and  binder  filaments  can  be  observed. 
Examination  of  fracture  surfaces  also  showed  that  the  failure  predominantly  followed  the 
boundaries  of  the  explosive  fillers  due  to  interfacial  debonding  with  few  fractured  crystals. 
Some  microcracks  can  also  be  observed  on  some  particles  (see  fig.7).  Due  to  the  low  stress 
amplitude  applied  in  Brazilian  test,  it  is  reasonably  to  assume  that  these  microcracks  were 
caused  during  pressing. 

Microscopic  examination  of  PBX  samples  fractured  under  higher  strain  rates  in  quasi¬ 
static  Brazilian  test  showed  that  with  the  increase  of  strain  rates  more  crystal  fractures 
occurred.  To  further  investigate  the  influence  of  even  higher  strain  rates,  dynamic  Brazilian 
test  was  conducted,  in  which  the  sample  disc  was  loaded  by  a  drop  weight  and  the 
corresponding  strain  rate  was  estimated  as  0.3xl02s-1.  Fig. 8  shows  a  typical  fractograph  of 
PBX  under  dynamic  Brazilian  test,  demonstrating  the  presence  of  extensive  crystal  fractures. 
To  further  investigate  the  mesomechanical  deformation  and  failure  of  PBXs,  we  are  using 
high  resolution  moire  interferometry  in  Brazilian  test.  The  results  will  be  discussed 
elsewhere. 

Fig. 9  shows  a  typical  fractograph  of  PBXN-5  in  quasi-static  compression  test.  Extensive 
crystal  fractures  can  be  observed,  causing  the  formation  of  a  large  number  of  smaller 
particles.  The  corresponding  tensile  failure  stress  in  Brazilian  test  and  the  compressive 
failure  stress  in  compression  test  were  estimated  as  0.8  MPa  and  8.8  MPa  respectively, 
revealing  that  explosive  particles  with  initial  microcracks  caused  by  pressing  may  not 
fracture  under  a  tensile  stress  of  0.8  MPa,  while  may  fracture  under  a  compressive  stress  of 
8.8  MPa.  Determination  of  the  critical  failure  tensile  and  compressive  stresses  of  explosive 
crystals  is  crucial  to  understand  the  mesomechanical  phenomena  of  PBXs.  Unfortunately  the 
data  of  mechanical  properties  of  explosive  crystals  are  very  scarce  at  present  due  to  the 
difficulties  in  experiments. 

Fig.  10  shows  a  plan  view  of  PBXN-5  damaged  by  a  steel  projectile  at  an  impact  velocity 
of  108  m/s.  Impact  direction  is  from  the  right  of  the  figure.  The  impact  induced  a  large 
number  of  microcracks  in  explosive  crystals.  A  vertical  crack  across  explosive  crystals  can 
also  be  observed.  Particle  size  distribution  analysis  showed  that  before  impact  the  average 
particle  size  of  HMX  was  130.8  fjm  ,  however  after  impact  the  average  particle  size 
decreased  to  114.5  jum  due  to  the  extensive  particle  fractures.  At  this  impact  velocity,  no 
fragments  were  observed  in  PBXN-5  samples;  however  at  the  same  velocity,  Composition  B 
(containing  TNT  40  %  and  RDX  60  %  by  weight)  was  severely  fragmented.  This 
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demonstrates  that  despite  the  low  concentration  of  binder,  PBXN-5  exhibits  better  resistance 
to  impact  loading  than  Composition  B. 


Fig  1.  Micrograph  of  pressed  PBX 


Fig  2.  Micro  structure  of  HMX  crystals 
in  pressed  PBX 


Fig  3.  Microstructure  of  PBX  subjected 
to  frozen  combustion 


Fig  4.  Micro  structure  of  PBX  subjected 
to  ultrasonic  waves 


Fig  5.  Cracking  along  particle  boundaries 


Fig  6.  Binder  filaments  bridging  crack  walls 
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Fig  7.  A  typical  fractograph  of  PBX  Fig  8.  A  typical  fractograph  of  PBX 

under  quasi-static  Brazilian  test  under  dynamic  Brazilian  test 


Fig  9.  Fractograph  of  PBX  under  Fig  10.  Impact  damaged  PBX 

compression 

Fig.  11  shows  some  tensile  stress-strain  curves  obtained  by  Brazilian  test  under  different 
strain  rates,  demonstrating  that  the  tensile  properties  of  PBXs  are  influenced  by  strain  rates. 
At  a  strain  rate  of  8.33  x  10”5  s'1,  the  tensile  failure  stress  and  failure  strain  at  the  sample 
center  are  0.85  MPa  and  3.52  xlO”3  respectively.  While  at  a  strain  rate  of  8.33x10  4  s"1,  the 
failure  stress  and  failure  stain  are  1.16  MPa  and  2.85x10  ’.  In  indirect  tensile  creep  tests 
(Brazilian  test),  instantaneous  elastic-plastic  response,  steady  creep  development  and  final 
rupture  can  be  observed.  The  creep  of  PBX  is  mainly  due  to  the  contribution  of  the  binder, 
demonstrating  that  PBX  still  exhibits  viscoelastic  properties  despite  a  low  concentration  of 
binder.  Fig.  12  shows  some  compressive  stress  strain  curves  of  PBXN-5,  demonstrating  that 
the  compressive  properties  of  PBXs  are  also  influenced  by  strain  rates.  The  maximum 
stresses  in  the  curves  correspond  to  uniaxial  compressive  strengths.  The  compressive 
strengths  increase  with  strain  rates.  At  a  strain  rate  of  6.94x10  4  s-1,  the  compressive 
strength  is  9.8  MPa;  while  at  a  strain  rate  of  6.94x10”"  s'  ,  the  compressive  stress  increases 
to  19.8  MPa.  It  is  also  shown  that  the  strains  corresponding  to  the  maximum  stresses  do  not 
change  noticeably.  Wiegand  flG|  reported  similar  results  in  the  study  of  the  compressive 
properties  of  PBXs  and  other  explosives  and  proposed  a  failure  criterion  of  constant  critical 
strains  for  explosives  and  propellants. 


Fig  11.  Tensile  stress  strain  curves  Fig  12.  Compressive  stress  strain  curves 

Table  1  lists  the  tensile  and  compressive  strengths  of  PBXN-5  obtained  in  the 
experiments,  demonstrating  that  the  tensile  strengths  are  much  lower  than  the  compressive 
strengths,  less  than  one  tenth  of  the  compressive  strengths.  The  microstructure  of  PBXs  can 
account  for  this  result.  The  explosive  particles  are  separated  in  tension,  so  the  binder  plays  a 
predominant  role  during  deformation.  While  in  compression  the  explosive  particles  are 
pressed  and  contacted  with  each  other  due  to  the  extremely  high  volume  faction  of  explosive 
crystals,  so  the  explosive  particles  play  a  more  important  role  during  deformation.  The  above 
results  demonstrate  that  PBXs  have  low  strengths  and  low  failure  strains  and  their 
mechanical  properties  are  strain  rate  dependent. 

Table  1.  Tensile  strengths  and  compressive  strengths  of  PBXN-5. 


strain  rates/s’1 

tensile  strengths/MPa 

strain  rates/s"1 

compressive  strengths/MPa 

3.33xl0'5 

0.82 

6.94xl0'4 

9.8 

8.33xl0‘5 

0.85 

6.94xl0'3 

17.1 

8.33xl0'4 

1.16 

2.78xl0‘2 

18.1 

— 

— 

6.94xl0'2 

19.8 

4.  CONCLUSIONS 

The  characteristic  initial  damage  modes  present  in  pressed  PBX  include  intragranular 
voids,  crystal  fractures,  interfacial  debonding  and  deformation  twinning.  The  high 
concentration  of  explosive  crystals  results  in  extensive  particle-to-particle  contacts,  which  in 
return  causes  extensive  fractures  during  pressing.  When  PBXN-5  is  submitted  to  low 
temperature  freezing,  cracks  can  be  initiated.  When  PBXN-5  is  subjected  to  frozen 
combustion,  extensive  debonding  occurs.  Ultrasonic  waves  may  induce  severe  damage  to 
PBX,  causing  extensive  debonding  and  even  pull-outs. 

PBXs  are  brittle  materials  with  low  strengths  and  low  fracture  strains.  The  tensile 
strengths  of  PBXs  are  much  lower  than  the  compressive  strengths,  less  than  one  tenth  of  the 
compressive  strengths.  Different  failure  modes  correspond  to  different  loading  conditions. 
Interfacial  debonding  is  the  predominant  failure  mode  in  quasi-static  Brazilian  test,  and 
crystal  fracture  is  very  rare.  In  Brazilian  test,  initial  failure  tends  to  start  around  the  edges  of 
larger  filler  particles  and  often  occurs  at  several  independent  sites  simultaneously.  The 
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increase  of  strain  rates  causes  more  explosive  crystals  to  fracture.  In  dynamic  Brazilian  test, 
the  predominant  failure  mode  is  crystal  fracture.  Extensive  crystal  fractures  are  also  present 
in  compression.  Low  velocity  impact  also  induces  extensive  crystal  fractures. 
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Abstract: 

The  condensation  of  nitro guanidine,  formaldehyde  and  amine  followed  by  nitration 
afforded  5-nitro-2-nitroiminohexahxdro-l ,3 ,5-triazine  (2).  Compound  2  on  nitric  acid 
and  perchloric  acid  treatment  afforded  the  nitrate  and  perchlorate  salts  of  2. 

Keywords:  high  energy  materials,  nitro  compounds,  energetic  salts 


1.  INTRODUCTION 

Nitroguanidine,  also  known  as  picrite,  is  an  aliphatic  nitramine.  It  exists  in  two 
tautomeric  forms  (a)  and  (b)  shown  below 111 . 


NH 

/NO 

N 

A 

A 

nh.no2 

H2N  NH 

(a) 

(b) 

Nitroguanidine  is  a  well-known  nitro  compounds.  It  has  been  used  not  only  in  tribasic 
propellants  for  many  years  but  also  as  a  potential  insensitive  explosive  recently  ,2'.  The 
physical  properties  and  detonation  data  of  nitroguanidine  have  been  studied  extensively  but 
its  chemical  reactivity  on  using  it  to  synthesize  high  explosive  has  rarely  been  explored.  The 
only  published  work  concerned  with  this  area  is  by  McKay  and  Wright  f3',  who  studied  the 
reaction  of  a  nitroguanidine  with  alkylamines  in  basic  mediums  and  obtained  some 
derivatives  of  nitroguanidine  [4,51.  The  hydrazino lysis  of  nitroguanidine  was  investigated  by 
Henry  f6'  and  the  research  work  on  chemical  reaction  of  nitroguanidine  was  reviewed  by 
McKay  ,?l  in  1952.  Afterward,  some  reports  involving  the  use  of  nitroguanidine  as  a 
component  to  prepare  heterocyclic  nitrogen  compounds  appeared,  but  none  of  these 
compounds  are  explosives. 

Since  there  are  two  amino  groups,  one  nitroimino  groups  and  one  carbon  atom  in  the 
molecule  of  nitroguanidine,  which  may  be  used  as  a  ideal  element  to  form  a  desired 
explosive  molecule.  It  does  seem,  however  a  little  surprising  that  the  reaction  of 
nitroguanidine  with  urotropine  or  formaldehyde  have  been  ignored  for  many  years.  Inspired 
by  the  fact  as  stated  above  we  made  an  attempt  to  examine  some  reaction  concerned  with 
nitroguanidine,  which  are  described  below. 
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The  reaction  of  nitroguanidine  with  urotropine  or  formaldehyde  has  been  studied. 
The  following  compounds  are  synthesized  from  nitroguanidine. 

(i)  6mitroimino-l,3,5-trinitro-l,3,5-triazacyclohexane  (c)  and  a  number  of  its 
derivatives 

(ii)  bis  (nitroguanidino)  methane  (d),  a  valuable  intermediate  for  preparing 
some  high  explosives. 

(iii)  1,5  -dinitro-2,4-dinitroimino-l,3,5,-triazacyclohexane  (e)  and  some  of  its 
derivatives  via  intramolecular  cyclizationn  of  (d) 

(iv)  2  -nitroimino-l,3-diaza  -5-  oxacyclohexane  (f),  l-(nitroguanidinomethyl)  -2- 
nitroimino-l,3-diaza-5  oxacyclohexane  (g),  and  bis  (2-nitroimino-l,3,- 
diaza-5-oxacyclohexylmethane  (h)  by  reaction  of  (d)  with  formaldehyde. 

Literature  survey  ,2'  shows  some  detonation  data  of  these  compounds  in  which 
compounds  c  and  e  are  powerful  explosives  but  very  unstable  thermally  and  easily 
hydrolysed.  However  compound  f-h  possesses  a  better  stability  than  triazacyclic 
polynitrocompounds  containing  nitroimino  groups  such  as  c  and  e. 
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Nitroguanidine  has  been  used  to  some  extent  as  an  industrial  explosive.  It  has  not  been 
used  as  a  military  explosive  because  of  its  relatively  low  energy  content  and  difficulty  of 
initiation.  Attention  has  been  paid  to  Nitroguanidine  as  an  explosive  since  the  gases  from  the 
decomposition  of  other  explosives  of  comparable  power,  which  is  because  of  its  low 
temperature  of  explosion  [8'U|.  Nitroguanidine  ignites  with  difficulty  and  undergoes 
incomplete  explosive  decomposition  and  may  be  regarded  as  an  explosive,  which  is 
powerful,  but  difficult  to  detonate.  Although  its  detonation  rate  at  comparable  densities  is 
almost  as  high  as  that  of  RDX  it  has  as  anomalously  low  detonation  energy  and  pressure, 
indicating  a  decomposition  mechanism  different  from  that  of  conventional  explosives.  One 
of  the  crystal  forms  of  Nitroguanidine  is  fiber  or  feather  like  and  this  enables  the  crystal  to 
mechanically  interlock  with  large  void  spaces  left  between  them.  This  property  enables 
Nitroguanidine  to  maintain  fairly  decent  mechanical  properties  at  low  density  makes 
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Nitro guanidine  a  useful  laboratory  explosive  where  some  experiments  require  controlled  low 
detonation  velocity  and  pressure.  The  high  nitrogen  content  of  the  products  of  combustion 
and  lower  flame  temperature  per  unit  of  energy  accounts  for  the  wide  spread  use  of 
Nitro  guanidine  in  multi  base  gun  propellants  to  reduce  barrel  wear,  muzzle  blast  and  flash. 
Many  guanidine  derivatives  have  been  prepared  as  possible  substitutes  for  nitroguanidine  in 
propellants  including  triaminoguanidine,  nitroaminoguanidine  and  trinitroethyl- 
guanidnidine.  Nitroguanidine  is  less  sensitive  than  TNT  to  impact,  friction  and  shock.  Its 
brisance  and  blast  characteristics  are  similar  to  that  of  TNT. 

Nitroguanidine  composition  used  in  the  air  bags: 

Literature  survey  indicates  that  the  nitroguanidine-based  composition  is  used  as  for 
inflation  of  vehicle  airbags  f12'18'.  The  thermally  stable  gas  generating  compositions 
especially  for  inflation  of  vehicle  airbags,  consist  of  nonazide  based  mixture  containing 
nitroguanidine,  at  least  one  nonazide  high  nitrogen  fuel  selected  from  guanidines,  tetrazole 
and  triazoles  and  salt  of  tetrazole  and  triazoles,  and  potassium  nitrate  stabilized  ammonium 
nitrate.  These  composition  having  melting  point  >115°C,  these  composition  have  a  reduced 
yield  of  solid  combustion  products,  acceptable  bum  rates  thermal  stability  and  ballistic 
properties.  Metal  salt  of  nitroguanidine  propellants  are  used  for  airbags,  metal  salt  of  the 
nitroguanidine  showing  excellent  ignition  properties  f12"161. 

Astachov  et  al.  [1?l  synthesized  1,2,4-trizolyl  and  tetrazolyl  derivatives  of  nitroguanidine 
and  he  presented  MO  calculation  of  synthesized  nitroguanidine  based  compounds.  The  gas¬ 
generating  agent  comprises  <45  wt.%  phase-stabilized  ammonium  nitrate,  nitroguanidine, 
and  oxygen-containing  potassium  salt.  The  oxygen-containing  potassium  salt  is  selected 
from  potassium  nitrate,  potassium  perchlorate,  potassium  sulfate,  potassium  chlorate, 
potassium  chromate,  potassium  dichromate,  potassium  permanganate,  and  potassium 
oxalate.  The  agent  is  used  in  a  gas  generator  for  inflating  airbags  with  high-gas  evolution 
efficiency  ,n"131. 

The  nitroguandine  compositions  are  also  used  as  a  gas  generating  pellets,  gas  generators 
and  air  bags  apparatus. 

A  method  for  the  preparation  of  2,4,6-trinitro-2,4,6-triazacyclohexanone  (i,  TNTC) 
yielding  a  product  with  a  low  concentrations  of  impurities  and  improved  thermal  stability  is 
reported.  The  product  is  advantageous  compared  with  RDX  and  HMX  since  it  is  more 
energetic  and  has  a  higher  density.  The  reaction  of  2-nitroimino-5-nitrohexahydro- 1,3,5- 
triazine  (NNHT)  with  (LTtCO^O/  ammonium  nitrate  gave  62.2%  TNTC  (i).  Impact  test  of 
TNTC  indicated  shock  sensitivity  corresponding  to  a  height  of  9  cm  for  a  2  kg  wt.  and  an 
exothermic  onset  at  183.9°C  with  an  exothermic  peak  at  206.3 °C. 
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2. 


EXPERIENTAL 


2.1  General  methods 

Melting  points  were  recorded  with  Thomas  Hoover  melting  point  apparatus  and  are 
uncorrected.  IR  spectra  (v,  cm  !)  were  recorded  on  a  Shimadzu  FTIR  -  8400  spectrometer. 
*H  NMR  (300  MHz)  spectra  were  recorded  in  DMSO-d6  as  a  solvent  unless  otherwise  noted. 
NMR  chemical  shifts  are  reported  in  5  (ppm)  downfield  from  TMS.  Elemental  analyses 
were  carried  out  on  a  Hosli  C,  H-analyser.  As  and  when  required,  the  reactions  were  carried 
out  in  oven-dried  glassware  under  dry  N2.  Thin  layer  chromatography  was  performed  on  pre¬ 
coated  plates  (0.25mm,  silica  gel  60  F254).  The  detonation  velocity  is  estimated  based  on 
empirical  calculations  on  molecular  structure  developed  by  L.R.  Rothstein  f19'.  Detonation 
pressure  was  calculated  by  Chapman- Jouguet  (CJ)  method  f19'.  Density  (p)  values  were 
calculated  by  L.  T.  Eremenko  method  f19'.  The  results  are  summarized  in  Table-1.  The 
oxygen  balance  values  calculated  are  given  in  Table- 1. The  thermal  analysis  (with  about  2 
mg  samples)  experiments  were  performed  on  Mettler  Toledo  star  system  at  a  heating  rate  of 
10°C  /  min  in  nitrogen  atmosphere  (at  a  flow  rate  of  80  ml/min)  and  the  results  are 
summarized  in  Table-2.  Energy  of  Activation  and  frequency  factor  calculated  using  the 
Madhusudnan,  Ninan  and  Krishnan  method  1201  and  the  results  are  given  in  Table-3.  The 
Impact  test  was  conducted  using  an  impact  tester  similar  to  that  used  in  Naval  Ordnance 
Laboratory  (NOL)  U.S.A.  Test  specimens  (30-35  mg  of  powder)  were  kept  between  two 
hardened  anvils  and  a  3  kg  drop  weight  was  allowed  to  fall  freely  from  different  heights. 
Both  open  and  aluminum  foil  encapsulated  specimens  were  used.  The  50%  ignition  height 
(cm)  in  each  case  was  evaluated  using  Bmceton  method.  Ten  samples  were  tested  for  each 
compound.  The  results  are  presented  in  Table-4.  The  friction  test  was  conducted  in  a  test  set 
up  similar  to  the  one  employed  by  NOL.  The  sample  was  kept  between  a  fixed  corrugated 
(rough)  stainless  steel  plate  and  a  movable  stainless  steel  plate.  Pulling  the  movable  plate  at 
varying  lever  loads  causes  friction.  The  sample  size  and  evaluation  procedure  was  the  same 
as  followed  for  impact  testing.  The  data  are  given  in  Table-4.  All  the  chemicals  used  were 
from  Aldrich,  recrystallisation  of  the  compounds  was  done  based  on  the  solubility  in  the 
solvent. 

2.2  Preparation  of  5-isopropyl-2-nitroiminohexahydro-l,3,5-triazine(l) 

To  a  slurry  of  nitroguanidine  (5.0  g,  48  mmol)  in  water  (20ml)  was  added  a  37-45% 
aqueous  formaldehyde  solution  (8.8  ml,  82  mmol)  and  the  mixture  stirred  for  30  minutes  at 
room  temperature.  Isopropyl  amine  (3.4  g,  57.5  mmol)  was  then  added  slowly  and  the 
mixture  stirred  for  1  hr  at  room  temperature  and  16  h  at  80°C.  The  slurry  was  cooled  to  room 
temperature,  filtered  and  the  solid  washed  with  cold  water  and  dried  to  give  a  white  powder. 
Recrystallisation  from  acetone  gave  the  title  compound  as  white  crystalline  plates  1  (6.8  g, 
89%)  having  melting  point  at  190-192°C,  (reported  191-192). 

IR  in  cm\v  max):  820  (ring),  1529  (C=N),  1586  (-N-N02),  3460  (-NH  stretching). 

!H  NMR  (300  MHz,  DMSO-d6):1.05  (6H,  d).  2.85  (lH,m),  4.3  (4H,  s),  8.8  (2H,  bs,  2  x  - 
NH).  Elemental  Analysis  calculated  for  C6Hi3N502:  C:40.22(40.35);  H:7.26(7.12);  N:39.10 
(39.14). 
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2.3  Preparation  of  5-nitro-2-nitroiminohexahydro-l,3,5-triazine  (2) 

To  98%  nitric  acid  (3.0  ml)  at  0  °C  was  added  1  (500  mg,  2.67  mmol)  over  a  10  min 
period.  Ammonium  chloride  (150  mg,  2.80  mmol)  was  then  added  and  the  resulting  yellow 
solution  was  stirred  at  0  °C  for  2h  and  then  poured  onto  crushed  ice.  The  precipitated  solid 
was  filtered,  washed  with  cold  water  and  dried  in  vacuo  to  gave  pure  2  as  a  white  solid  (360 
mg  76%),  mp:  203-205  0  C  (reported.205-206). 

IR  in  cm'^v  max):  835  (ring),  1540  (C=N),  1575  (-N-N02),  !H  NMR  (300  MHz, 
DMSO-d6):  5.02  (2H,  s),  5.7  (2H,s),  9.1  (1H,  bs,  -NH),  9.8  (1H,  bs,  -NH). 

Elemental  Analysis  calculated  for  C3H6N6O4:  C:  1 8.94(1 9.00);  H:  3.15(3.12); 
N:44.2 1(44.24). 


2.4  Preparation  of  nitrate  salt  of  5-nitro-2-nitroimino-l,3,5-triazine  (3). 

Compound  5-Nitroiminohexahydro-l,3,5-triazine  (1  g,  5.26  mmol)  2  was  dissolved  in 
dry  methanol  (10  ml)  and  nitric  acid  was  added  slowly  upto  neutralization  at  0  °C.  The 
reaction  mixture  was  stirred  at  0°C  for  1-2  h.  The  yellow  precipitate  obtained  was  filtered  on 
a  buchner  funnel  and  washed  with  cold  methanol  gave  compound  3  (Yield  0.980  g.  59  %), 
having  the  melting  point  at  260-262  °C. 

IR  in  cm4(v  max):  835  (ring),  1540  (C=N),  1575  (-N-N02),  2850  (-NH2). 

Elemental  Analysis  calculated  for  C3H8N8Oio:  C:1 1.39(1 1.35);  H:2. 53(2.40);  N: 
35.44(35.39) 
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2.5  Preparation  of  perchlorate  salt  of  5-nitro-2-nitroiminohexahydro  - 
1,3,5-triazine  (4). 

Compound  5-Nitroiminohexahydro- 1,3,5-triazine  (lg,  5.26  mmol)  was  dissolved  in  dry 
methanol  (10  ml)  perchloric  acid  was  added  slowly  upto  neutralization  at  0°C.  The  reaction 
mixture  was  stirred  at  0°C  for  1-2  h.  The  yellow  precipitate  thus  obtained  was  filtered  on  a 
buchner  funnel  and  washed  with  cold  methanol  afforded  compound  4.  (Yield  1.2  g,  58.5  %), 
which  shows  the  melting  point  at  328-330  °C. 

IR  in  cm\v  max):  835  (ring),  1540  (C=N),  1575  (-N-NO2)  1600,  2950  (salt). 

Elemental  Analysis  calculated  for  C3H8N6O12CE:  C:9.2(10.0);  H:2.04(2.10); 

N:21.48(21.53). 

3.  RESULTS  AND  DISCUSSION 

The  melting  point  matches  with  the  reported  values  wherever  it  is  applicable,  while  for 
the  new  compounds  elemental  analysis  confirms  the  synthesis. 

For  compound  2,  melting  point  shows  203-205°C,  matches  with  the  reported  values.  t9'. 
The  IR  data  show  the  3400  peak  for  the  tertiary  amine  formation  in  addition  to  its  nitramine 
functional  group  at  1580  cm'1  and  the  3300  cm'1  for-NH  stretching  frequency  and  these  data 
clearly  indicate  the  synthesis  of  compound.  The  NMR  spectrum  shows  the  broad  singlet  is  at 
9.1  and  9.8  5  due  to  -NH  protons  and  this  secondary  amine  proton  exchanges  in  deuterated 
water.  Elemental  analysis  for  the  compound  is  matches  with  the  theoretical  one. 
Thermogravimetric  data  shows  compound  2  decomposes  in  single  step.  The  decomposition 
temperature  is  between  at  207-  210°C,  92%  weight  loss  is  there  while  the  maximum 
decomposition  is  at  209°C. 

Compound  3  shows  melting  point  at  235°C.  The  elemental  analysis  for  compound  3  is 
matches  with  theoretical  value.  IR  spectral  data  shows  the  peak  at  2850,  2868  cm"1  indicates 
the  formation  of  salts  in  addition  to  its  compound  shows  the  peak  at  1575  cm"1  for  (-N-NO2) 
groups.  Compound  3  shows  positive  oxygen  balance  while  shows  density  1.7  g/cm 
Thermogravimetric  data  shows  two  stage  decomposition  first  stage  starts  at  210-310°C,  with 
40%  weight  loss  the  maximum  weight  lost  is  at  270°C,  while  second  stage  starts  at  310- 
450°C,  with  10%  mass  loss  may  be  due  to  the  evaporation  of  residue. 

Compound  4  shows  the  melting  point  at  260°C,  the  elemental  analysis  for  compound  4  is 
matches  with  the  theoretical  one  while  IR  data  confirms  the  salt  formation.  Due  to  the 
positive  oxygen  balance  (+8.11%)  compound  shows  high  detonation  velocity  (9.42  Km/s) 
and  detonation  pressure  51.46  (GPa).The  TG  data  of  the  4  shows  the  high  stability  of  the 
compound  it  decomposes  in  single  stage.  The  compound  is  stable  upto  250°C;  the  weight 
loss  is  between  260  -360°C  with  82%  weight  loss  while  the  maximum  weight  loss  is  at 
348°C.  Sensitivity  data  of  the  nitrate  and  perchlorate  salts  shows  insensitive  to  impact.  The 
order  of  the  energetic  performance  of  compound  is  4  >  3  >  2. 


154 


4. 


TABLES 


Table  1.  Theoretical  performance  of  the  compound  2-4 


Compound 

Mole.  Form. 

Density 

Oxygen 

balance 

Detonation 

velocity 

Detonation 

pressure 

g/cm3 

% 

Km/s 

GPa 

2 

c3h6n6o4 

1.70 

-21.61 

8.94 

33.98 

3 

C3H8N8Oi0 

1.72 

5.06 

9.65 

40.25 

4 

C3H8N6Oi2C12 

1.80 

8.18 

7.74 

27.067 

Table  2.  Thermal  data  of  the  compound  2-4 


Compound 

Decomposition 
Temp.  (°C) 

Is'  step  2nd  step 

Tmax 

Weight  loss  in 

°C 

% 

2 

207-210 

- 

209 

92 

3 

210-310 

310-450 

270,  330 

50 

4 

260-360 

- 

348 

82 

Table  3.  Kinetic  data  of  the  compound  2-4 


Compound 

Energy  of 
activation 

Frequency  Factor 

Correlation 

Coefficient 

(Ea) 

(A) 

(r) 

2 

323.69 

30.87 

0.914 

3 

135.98 

17.27 

0.956 

4 

155.01 

9.43 

0.995 

Table  4.  Sensitivity  data  of  the  compound  2-4 


Compound 

Direct  impact  test  Ignition  values 

(h50  %)  cms  Drop  weight  3  Kg 

2 

>100 

3 

75 

4 

65 
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5. 


CONCLUSION 


The  present  investigation  demonstrates  the  synthesis  and  characterisation  of  two  new 
energetic  salts  of  -5-nitro-2-nitroiminohexahydro-l,3,5-triazine.  The  thermal  analysis, 
theoretical  calculation  of  detonation  velocity  and  detonation  pressure  establishing  their 
candidature  as  high  energy  materials. 
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Abstract 

Polynitroaromatic  organic  explosives  (2,4,6-trinitrotoluene)  are  typical  labile  and 
environmental  that  can  transform  with  soil  indigenous  microorganisms,  photodegrade  by 
sunlight  and  migrate  though  subsurface  soil  to  cause  groundwater  contamination.  To  be 
able  to  determine  the  type  and  concentration  of  explosives  and  their  (bio) transformation 
products  in  different  soil  environments,  a  comprehensive  analytical  methodology  of  sample 
preparation,  separation  and  detection  in  thus  required.  This  present  paper  describes  the  use 
of  solid-phase  microextraction  (SPME)  and  solid-phase  extraction  (SPE)  for  the  extraction 
of  nitroaromatic  explosives  for  subsequen  t  analysis  by  eith  er  GC/MS  or  HPLC/UV. 

The  two  techniques  are  examined  in  terms  of  procedure,  chromatographic  analysis  and 
method  performance. 

The  adsorption  temperature  and  adsorption  times  were  examined  by  the  using  SPME  fiber. 
SPE  extraction  was  done  by  variable  columns  and  microcolumns  and  was  examined  the 
columns  with  high  efficiency  and  with  short  sorption  time. 

Keywords:  solid-phase  microextraction  (SPME),  solid-phase  extraction  (SPE), 

explosives  in  water,  nitroaromatic  compounds 


1.  INTRODUCTION 

Over  the  past  few  decades  site  investigations  of  past  and  present  military  installations 
confirmed  the  presence  of  nitroaromatic  explosives  and  their  metabolites  caused  by  extensive 
manufacturing,  storage  or  even  leakage  from  unexploded  ordnance.  Explosives  are  moderately 
to  weakly  soluble  in  water  and  thus  can  migrate  through  subsurface  soil  to  cause  groundwater 
contamination.  In  addition,  unexploded  ordinances  left  in  the  ocean  following  various  military 
exercises  are  known  to  release  a  signature  plume  containing  toxic  levels  (ng/1  to  pg/1  range)  of 
2,4,6-trinitrotoluene  (TNT)  and  2, 4-dinitro toluene  (DNT)  [3'.  High  levels  of  TNT  constitute  a 
health  hazard,  as  it  is  a  suspected  mutagen  and  was  demonstrated  to  be  toxicity  to  aquatic  and 
terrestrial  life.  The  biodegradation  and  photolytical  by-products  of  TNT  introduce  highly 
reactive  compounds  often  greater  polarity  and  water  solubility,  which  may  constitute  an  even 
environmental  concern  than  TNT  itself.  The  US  Environmental  Protection  Agency  (EPA)  has 
determined,  for  example,  that  TNT  is  toxic  at  levels  above  2  pg/1 [2'. 
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The  present  study  thus  describes  the  use  of  different  extraction  techniques,  including  SPME 
and  SPE  to  extract  explosives  and  their  degradation  products  from  samples  for  subsequent 
analysis  GC/MS  and  HPLC/UV. 

1.1  Solid-phase  extraction 

Solid-phase  extraction  (SPE)  1,1  was  developed  from  classical  chromatography,  which  is 
historically  marked  from  1906.  SPE  was  developed  with  sorbents  for  LC  and  as  extraction 
technique  is  called  from  1980s.  In  present,  SPE  has  become  routine. 

The  term  "solid-phase"  or  "sorbent  extraction",  frequently  abbreviated  to  "SPE",  simply 
implies  a  physical  extraction  process  involving  a  liquid  and  a  solid  phase.  In  practice,  it  is  a 
sample  preparation  technique  and  has  come  to  mean  the  use  of  commercial  pre-packed  columns 
containing  stationary  phases  related  to  those  used  widely  in  high-performance  liquid 
chromatography  (HPLC),  that  may  be  adsorbents  such  as  silica  gel,  reversed-phase  materials  or 
ion-exchange  media.  The  packing  material  is  held  in  a  place  within  a  plastic  column  by  porous 
frits,  also  constructed  of  a  plastic  material,  and  the  column  ends  in  a  Luer  tip  to  facilitate 
connection  to  a  vacuum  manifold,  to  a  needle  or  to  a  collection  vessel. 

Normal-phase  sorbent  consists  of  a  stationary  phase  that  is  more  polar  than  the  solvent  or 
sample  matrix  that  is  applied  to  the  SPE  sorbent.  This  means  that  water  is  not  usually  a  solvent 
is  normal  phase  SPE  because  is  too  polar.  Also  moderately  polar  to  polar  analytes  are  extracted 
from  nonpolar  solutions  onto  polar  sorbents.  The  sorbents  used  for  normal  phase  SPE  is  used 
Silica  Gel  (SiOH);  Kieselguhr  (SiOn);  Florisil®  (Mg^SiCb)  and  Alumina  (AEO3). 

The  reversed  phases  are  commonly  used  in  SPE  when  aqua  samples  are  involved.  Nonpolar 
to  moderately  polar  analytes  are  extracted  from  polar  solutions  onto  nonpolar  sorbents.  The 
sorbents  used  for  reversed  phase  SPE  is  use  Octadecyl  (Cig);  Octyl  (Cg);  Cyclohexyl  (C6Hn); 
Phenyl  (C6H5);  Ethyl  (C2H5);  Cyano  (CN);  WP  Butyl  (C4). 

The  objective  of  the  analyst  is  ideally  to  isolate  a  component  of  interest  from  a  more 
complex  sample  in  a  pure  concentrated  state.  This  might  be  achieved  by  choosing  conditions  so 
that  the  required  analyte  is  retained  on  the  column  while  the  impurities  pass  straight  through,  or 
conversely  by  allowing  the  analyte  to  elute  through  while  the  impurities  are  retained. 

Sorbent  and  solvent  are  optimized  to  effect  a  separation.  In  solid  phase  extraction  these 
interactions  are  optimized  to  effect  retention  or  elution.  Solid  phase  extraction  is  performed  in 
the  following  steps: 

1.  Column  Conditioning 

Condition  column  with  1-2  column  volumes  of  methanol.  Other  water  miscible  solvents 
such  as  ethanol,  isopropanol,  or  acetonitrile  may  be  used. 

Condition  column  with  1  -2  column  volumes  of  polar  solvent  similar  to  the  sample  solution 
(water,  buffer,  etc.).  Keep  sorbent  bed  wet  during  conditioning. 


2.  Sample  Addition 

If  the  analyte  is  to  be  retained  by  the  sorbent,  the  sample  solution  should  be  a  polar  solvent 
in  which  the  analyte  has  limited  solubility. 
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If  the  analyte  is  to  be  passed  through  the  column  and  nonpolar  interferences  remain,  the 
sample  solution  should  be  a  polar  solution  in  which  the  polar  analytes  are  very  soluble. 

3.  Column  Wash 

Wash  with  polar  solvent  as  required. 

4.  Sample  Elution 

Elute  the  retained  analyte  with  two  (2)  or  more  void  volumes  of  a  nonpolar  to  moderately 
polar  solvent.  Basic  analytes  strongly  retained  by  unbonded  silanols  can  be  eluted  with  solvents 
modified  with  an  acid  or  an  amine,  such  as  diethylamine  or  triethylamine. 

Explosives  are  extracted  usually  only  on  the  reversed  phase  SPE  columns.  Typical  solvent 
for  conditioning  SPE  columns  is  methanol. 

1.2  Solid-phase  mikroextraction 

Solid-phase  mikroextraction  (SPME)  ,S|  is  fast,  simple,  solventless  method  and  it  was 
developed  by  Pawliszyn  and  Belardi  in  1992.  It  is  based  on  extraction  using  a  thin  polymeric- 
coated  fused-silica  fiber,  fitted  in  a  special  syringe -type  holder  for  protection  and  sampling. 
When  the  fiber  coated  with  stationary  phase  is  exposed  to  an  aqueous  solution  or  to  the 
headspace  above  it,  organic  compounds  are  extracted  from  their  matrix  to  the  stationary  phase 
until  equilibrium  is  achieved.  One  sampling  is  completed,  the  fiber  is  transferred  to  the  heated 
injection  port  a  GC  system  where  the  analytes  are  thermally  desorbed.  The  whole  extraction  and 
transfer  process  usually  takes  only  a  few  minutes,  and  can  be  easily  automated.  SPME  was 
applied  to  the  determination  of  a  large  variety  of  volatile  and  semi-volatile  analytes  in  several 
types  of  environmental  matrices  '4|.  SPME  is  an  increasingly  popular  method  for  the  extraction 
of  organic  analytes  as  it  is  rapid,  solvent-free,  easily  automated  and  filed  usable.  But  the  SPME 
fiber  is  expensive  and  their  lifetime  is  limited  as  they  degrade  with  increased  usage. 

SPME  fibers  are  a  1  or  sometimes  2cm  long  fused  silica  fibre  coated  with  a  polymeric 
phase.  The  polymeric  phases  available  are: 

•  polydimethylsiloxane  (PDMS);  polydimethylsiloxane/divinylbenzene  (PDMS/DVB) 

•  polyacrylate  (PA) 

•  carbowax/divinylbenzene  (CW/DVB) 

•  polydimethylsiloxane/carboxen  (PDMS/CAR) 

•  polydimethylsiloxane/divinylbenzene/carboxenl  006  (PDMS/DVB/CAR) 

•  carbowax/Templated  resin  (CW/TPR) 

The  fibres  are  available  in  differing  stationary  phases  film  thickness  from  7pm  to  100  pm. 
The  differing  thickness  will  alter  the  amounts  of  analyses  absorbed  or  adsorbed  on  to  the  surface 
of  the  polymeric  phase. 

The  number  of  surface  sites  on  a  fibre  where  adsorption  can  take  place  is  limited,  when  all 
these  sites  are  filled  no  further  adsorption  can  take  place,  unless  the  analyte  can  condense  into 
the  pores  by  capillary  condensation  mechanisms  as  in  CAR  fibres.  Adsorption  is  a  competitive 
process  where  an  analyte  with  a  higher  affinity  for  the  surface  can  displace  one  with  a  lower 
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affinity;  this  leads  to  the  amount  of  an  analyte  being  significantly  affected  by  the  type  of  surface 
matrix  used  in  the  fibre. 

Each  of  the  fibre  coatings  has  different  pore  sizes  that  will  attract  differing  sizes  of 
molecules.  To  choose  a  fibre  for  a  particular  application  the  types  of  volatiles  to  be  extracted 
must  be  known,  ‘Like  prefers  like’,  careful  consideration  to  the  sample  matrix  of  the  fibre  used 
must  be  given  as  the  amount  of  analyte  extracted  by  the  different  fibres  could  affect  the  results. 

SPME  fibres  can  be  used  for  both  direct  (two-phase  system)  or  Head  space  (three-phase 
system). 

2.  EXPERIMENTAL 

2.1  SPE  procedure 

SPE  procedure  was  tested  on  different  types  of  columns  -  STRATA  C|g  (Phenomenex)  3 
ml,  SEP  ARON™  SGX  Ci8  (Tessek)  1  ml,  DISCOVERY  SUPELCO  -  18  and  DISCOVERY 
SUPELCO  -  1 8LT  (Supelco)  both  6  ml.  The  packing  materials  were  chosen  specially  because 
they  are  reversed  phase,  which  are  used  for  analyses  of  explosives. 

The  condition  of  SPE  columns  was  made  with  10  ml  of  methanol  and  then  with  10  ml  of 
distilled  water.  It  was  extracted  500  ml  water  standard  with  concentration  of  TNT  0,72  pg/ml. 
This  volume  was  applied  to  all  kinds  of  columns  and  the  column  with  the  best  efficiency  was 
searched.  The  extraction  time  was  between  1  and  7  hours.  (The  extraction  time  depended  on  the 
used  SPE  column).  The  4th  step  of  SPE  extraction  was  not  done.  The  elution  of  analytes  was 
made  with  5  ml  or  10  ml  of  methanol.  The  extracted  samples  were  analysed  with  using  the 
HPLC/UV  system. 

2.2  SPME  procedure 

It  was  used  a  manual  65  pm  polydimethylsiloxane-divinylbenzene  (PDMS-DVB)  fiber  and 
a  SPME  fiber  holder  assembly  all  purchased  from  Supelco,  Sigma-Aldrich.  It  was  prepared 
solution  with  concentration  10  pg/ml  TNT  in  500  ml  distilled  water.  It  was  chosen  the  direct 
immersion  sampling  of  the  salt  and  aqueous  sample  solution.  4  ml  of  the  solution  were  placed  to 
5  ml  glass  vial.  Magnetic  stirring  was  used  at  all  temperatures  and  times.  It  was  not  used  any 
internal  standard. 

The  SPME  fiber  holder  assembly  was  then  clamped  at  a  fixed  location  above  the  glass  vial 
containing  the  stirred  spiked  sample  solution.  The  SPME  fiber  was  exposed  to  the  salt  and 
aqueous  sample  solution  and  after  1 5  min  the  fiber  was  retracted  and  transformed  to  the  heated 
injection  port  of  the  GC/MS  system  for  5  min.  Time  and  temperature  aqueous  sample  solution 
were  optimized  to  efficiency.  The  temperature  was  optimized  from  30-70  °C  and  the  sorption 
time  was  optimized  from  10  to  40  min. 
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2.3 


HPLC/UV  method 


Hewlett-Packard  series  HP  1050  system  with  diode  array  detection  was  used  to  separate  the 
extracted  compounds  by  SPE  and  integrate  the  resolved  peaks.  For  the  determination  of  TNT 
was  used  high  performance  liquid 
chromatography  coupled  to  UV  spectrometry. 

Separation  was  made  on  SEP  ARON  SGX  Cl  8 
column.  TNT  was  eluted  with  an  isocratic 
mobile  phase  of  acetonitrile  :  methanol  :  water 
(35,5:29:35,5  v/v/v)  and  for  detection  was  used 
wavelength  230  nm  (Fig.  1). 

The  quantitative  analysis  was  made  by 
external  standard  of  TNT.  The  concentration  of 
calibration  standards  was  4  pg/ml;  8  pg/ml; 

16  pg/ml;  80  pg/ml  and  200  pg/ml. 

2.4  GC/MS  method 

A  Shimadzu  GC-17A,  Version  3,  QP-5050i 
with  a  30  m  x  5  pm  HP-5MS  capillary  column  (Hewlett-Packard,  USA)  was  used  for  analyses 
extracted  compounds  with  SPME.  A  low-volume  inlet  liner,  special  for  SPME,  was  used 
(Supelco).  The  system  operated  using  helium  as  a  carrier  gas  at  a  flow-rate  0,6  ml/min.  The 
injection  temperature  was  260  °C,  the  column  temperature  was  200  °C  and  the  interface 
temperature  was  230  °C.  Split  ratio  1 : 100  was  used. 

The  MS  ionization  mode  was  electron  ionization  (70  eV)  and  the  data  were  acquired  in  the 
SIM  (m/z:  63,  89,210). 


3.  RESULTS  AND  DISCUSSION 

3.1  SPE  procedure  with  HPLC/UV  analysis 

First  of  all  the  best  SPE  column  was  found  for  analyses  water  samples.  The  best  column  had 
to  have  short  extraction  time  and  high  efficiency  of  extraction. 

The  best  column  was  DISCOVERY  SUPELCO  -  18  (6  ml,  Supelco).  Columns 

characteristic  are  shown  in  the  table  1 . 

The  analytes  were  eluted  on  the  column  DISCOVERY  SUPELCO  -  1 8  (6  ml)  with  5  ml 
or  10  ml  of  methanol.  The  elution  with  5  ml  of  methanol  had  the  efficiency  of  extraction  about 
89,60  %  and  the  elution  with  10  ml  of  methanol  had  the  efficiency  of  extraction  about  93,75  %. 
Also  the  elution  with  10  ml  of  methanol  was  better  than  5  ml  (from  views  of  efficiency). 


Fig  1.  UV  spectrum  of  TNT 


GC/MS  system  (Shimadzu,  Japan)  equipped 
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Table  1.  The  comparison  of  different  SPE  columns  used  by  extraction  samples  with 
concentration  0, 72  jug/ml  and  sample  volume  500  ml. 


Sorbent 

Column 

Extraction 

Extraction 

Column 

Sorbent 

quantity 

volume 

time 

efficiency 

[mgl 

rmll 

[hours] 

r%i 

STRATA  Cis 

Ci8 

100 

3 

4 

37,30 

SEP  ARON  SGX 

Ci8 

Ci8 

520 

1 

6,5 

63,60 

DISCOVERY 
SUPELCO  -  18 

Cis 

1000 

6 

2 

93,75 

DISCOVERY 
SUPELCO  -  18  LT 

Cis 

1000 

6 

2 

69,40 

3.2  SPME  procedure  with  GC/MS  analysis 

SPME  extraction  was  made  with  65  pm  polydimethylsiloxane-divinylbenzene  (PDMS- 
DVB),  it  was  used  the  stirring  during  the  whole  sorption  time.  Sorption  time  and  temperature 
were  optimalized.  It  was  found  the  best  temperature  between  45-50  °C  (Fig.  2). 


temperature  [°C] 

Fig.  2  Temperature  effect  for  extraction  recovery 

The  temperature  for  the  sorption  was  chosen  50  °C  and  the  sorption  time  was  optimalized 
between  10  to  40  min.  The  highest  efficiency  was  discovered  with  35  min  (Fig.  3). 
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Fig.  3  Sorption  time  for  extraction  recovery 


4.  CONCLUSION 

Several  SPE  columns  were  tested  in  this  study.  The  SPE  column  DISCOVERY  SUPELCO  - 
18  had  the  highest  efficiency.  The  extracts  were  analysed  with  HPLC/UV. 

The  water  sample  was  measured  with  SPME  (polydimethylsiloxane-divinylbenzene).  The 
best  conditions  for  analyses  of  low  concentration  trinitrotoluene  from  water  samples  were  found 
temperature  50°C  and  sorption  time  35  min. 
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Abstract: 

Some  chemical  characteristics,  safety  properties  and  explosive  performances  of  two 
explosives  are  investigated,  namely  tri-aceton-tri-peroxide  (TATP)  and  hexa-methyl- 
triperoxyde-diamine  (HMTD).  Production  is  relatively  easy  to  perform  with  quite  easily 
available  materials,  but  the  purity,  the  quality  and  the  properties  of  the  explosive 
crystals  are  quite  dependent  on  the  synthesis  process.  Pure  and  unpurified  compounds 
are  tested  for  both  their  sensitivities  and  performances.  The  sensitivity  to  friction  and  to 
impact  is  determined  and  compared  with  values  of  other  energetic  materials. 

The  performances  of  small  explosive  charges  (up  to  a  few  grams)  are  evaluated: 
brisance  and  initiation  capability.  The  detonability  and  brisance  of  the  compounds  are 
observed  and  characterized  using  standard  aluminum  witness  plates.  The  study  shows 
that  TATP  can  be  used  efficiently  -  at  own  and  great  risk  of  the  technician  -  as 
secondary  as  well  as  primary  explosive,  accounting  for  a  good  versatility  of  the 
compound. 

This  work  shows  the  great  risks  associated  with  these  two  peroxides  but  also  why  some 
of  their  characteristics  make  these  explosives  popular  among  certain  groups. 

Keywords:  TATP,  HMTD,  explosive  sensitivity,  brisance,  performance 


1.  INTRODUCTION 

Recently,  it  became  quite  popular  to  use  various  chemical  formulations  to  produce 
“irregular”  explosives,  i.e.  non-commercial  and  non-military  explosives.  People  performing 
such  manufacturing  are  driven  by  a  variety  of  reasons  ranging  from  carefree  attitude  to 
juvenile  delinquency  and  international  terrorism.  Many  recipes  do  exist  on  publicly  available 
sources  like  commercial  literature  or  internet.  It  is  well  known  from  experts  that  these 
sources  are  often  unreliable  and  one  must  act  with  great  care  when  using  data  from  such 
uncontrolled  sources. 

Two  peroxides  are  investigated  for  their  explosive  characteristics:  the  triacetone- 
triperoxide  (TATP)  and  the  hexamethyl-triperoxide-diamine  (HMTD).  The  structures  of 
these  compounds  are  given  in  Fig.  1.  These  explosive  compounds  are  allegedly  ‘home  made’ 
by  several  groups  and/or  international  organisations. 

First,  we  shall  shortly  describe  the  synthesis  and  the  chemical  analysis  of  these 
compounds.  They  are  relatively  easy  to  perform  with  quite  readily  available  material. 

Secondly,  impact  and  friction  sensitivities  and  performances  of  these  compounds  are 
determined.  The  evaluated  performances  are  brisance  and  initiation  capability  on  TNT. 
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2. 


SYNTHESIS 


2.1  HMTD 

The  HMTD  synthesis  is  performed  by  reaction  of  hydrogen  peroxide  and  hexa¬ 
methylenetetramine  (HMTA)  in  acetic  acid  solution.  After  the  addition,  done  at  low 
temperature  (Fig.  2),  the  solution  crystallises.  After  filtration  and  acid  neutralisation,  final 
wash  with  solvent  is  performed.  The  crystals  are  placed  in  a  desiccator.  This  synthesis 
provides  pure  HMTD  in  good  yields  and  is  reproducible. 


2.2  TATP 


The  TATP  synthesis  is  performed  by  the  action  of  an  acid  on  a  mixture  of  acetone  and 
hydrogen  peroxide  at  low  temperature  (Fig.  3).  After  the  addition,  the  solution  is  covered  by 
a  parafilm  and  crystallises.  After  filtration  and  acid  neutralisation,  the  formed  TATP  dried  in 
a  desiccator. 
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Fig  1.  Chemical  structures  of  HMTD  and  TATP 
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Fig  2.  HMTD  formation  reaction 
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Fig  3.  Reaction  of  TATP  formation 
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Different  acid  solutions  were  tried:  HC1,  H2SO4,  acetic  acid,  citric  acid.  With  organic 
acids  no  proper  crystallisation  could  be  achieved  and  the  TATP  could  not  be  extracted  with 
any  solvent.  When  HC1  is  used,  the  produced  TATP  is  not  stable  and  decomposes  quickly. 

The  synthesis  provides  TATP  with  various  levels  of  quality  in  variable  yields  and  is  no 
reproducible.  When  the  operating  conditions  are  optimised,  5  ml  of  acetone  and  5  ml  of 
hydrogen  peroxide  provides  2  g  of  TATP.  The  control  of  the  temperature  is  important  to 
obtain  good  quality  and  yields:  when  the  temperature  is  too  high,  the  reaction  is  too 
vigorous;  when  the  temperature  is  too  low,  the  synthesised  product  is  not  TATP.  Note  that 
the  presence  of  by-products  is  important  for  the  sensitivities  and  the  performances  of  the 
formed  peroxides. 

3.  CHARACTERISATION 

The  thermal  and  chemical  characterisations  are  performed  by  differential  scanning 
calorimeter  (DSC)  and  by  infrared  spectroscopy  (FTIR).  These  techniques  enable  us  to 
assess  the  purity  of  the  product. 

3.1  HMTD 

The  DSC  analysis  is  performed  between  50  and  400  °C  at  20°C/min.  The  thermogram 
shows  no  fusion  peak  and  a  characteristic  exothermic  peak  at  about  170°C.  A  typical  DSC 
curve  is  given  in  Fig  4. 

The  IR-scans  are  performed  directly  on  crystals  between  650  and  4000  cm"1.  A  typical 
spectrum  is  given  in  Fig  5. 

3.2  TATP 

Different  DSC-curves  are  obtained  dependent  on  the  different  synthesis  processes.  Pure 
(good  quality)  TATP  shows  an  endothermic  peak  around  80°C  and  an  exothermic  reaction  at 
about  120  °C  (Fig.  6).  The  characteristic  DSC  curve  is  largely  dependent  on  the  purity  of  the 
manufactured  explosive  and  therefore  on  the  manufacturing  process.  TATP  samples  show 
endothermic  peak  ranging  from  80  to  140°C  and  exothermic  peak  ranging  from  120  to 
240°C. 

Similar  discrepancies  depending  on  the  purity  of  the  peroxide  are  also  noticeable  on  the 
FTIR  spectmms. 

Typical  DSC  result  and  FTIR  spectrum  are  given  in  Figs.  6  and  7,  respectively. 
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Fig  4.  HMTD  DSC-curve 


Fig  5.  HMTD  FTIR  spectrum 


Fig  6.  TATPDSC-curve 
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Fig  7.  TATP  FTIR  spectrum 

4.  SENSITIVITY 

4.1  Friction  sensitivity 

The  friction  test  is  performed  with  a  standard  friction  BAM  apparatus,  according  to  the 
usual  standard  procedures.  The  load  on  the  pistil  may  vary  between  0.5  kgf  and  36  kgf.  The 
test  is  performed  until  6  negative  results  occur.  The  latter  is  considered  positive  when 
reaction  occurs,  i.e.  colour  changing,  smell  or  smoke  formation,  crackle  or  explosion. 

The  test  is  performed  with  HMTD,  TATP,  RDX,  TNT  and  PETN,  for  comparison 
purpose.  Moreover,  results  from  this  work  are  compared  in  Table  1  with  results  from  the 
literature. 

HMTD  and  TATP  are  so  sensitive  that  they  react  even  without  weight  applied.  These 
two  explosives  are  below  the  detection  limit  of  our  experimental  set-up.  In  the  case  of 
TATP,  the  friction  sensitivity  is  obviously  related  to  the  purity  of  the  explosive.  A  low-grade 
sample  is  not  as  sensitive  as  a  pure  one. 

Table  1.  Results  from  friction  sensitivity  test.  The  experimental  values  obtained 
during  this  investigation  are  compared  with  values  from  the  literature. 


(kgf) 

HMTD 

TATP 

PbN6 

TNT 

RDX 

PETN 

Reference 

[1] 

0.01 

0.01 

0.01 

No  react  up  to  36 

12 

6 

[2] 

29.5 

11.5 

4.5 

This  work 

<0.5 

<0.5 

>36 

11.2 

4.2 
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4.2  Impact  sensitivity 

The  sensitivity  to  impact  is  tested  with  the  BAM  fallhammer  apparatus.  By  decreasing 
the  high  of  falling  till  6  negative  results  are  observed,  one  determines  the  lowest  impact 
energy  for  initiation  of  the  tested  explosive. 

The  test  is  performed  with  HMTD,  TATP,  RDX  and  PETN  and  results  are  compared 
with  literature  references  (Table  2).  Both  HMTD  and  TATP  are  within  the  limit  of  the  test 
apparatus. 

Table  2.  Results  from  impact  sensitivity  tests  (in  kgm).  The  experimental  values 
obtained  during  this  investigation  are  compared  with  values 
from  the  literature  and  of  other  typical  explosives 


(kgm) 

HMTD 

TATP 

PbN6 

TNT 

RDX 

PETN 

Reference 

[11 

0.06 

0.03 

0.75 

1.5 

0.75 

0.3 

[2] 

1.8-1. 9 

0.45 

0.31 

This  work 

0.015 

0.03 

0.65 

0.21 

5.  PERFORMANCES 

The  performances  are  evaluated  for  2  aspects:  (1)  the  brisance  and  (2)  the  capability  to 
initiate  an  high  explosive  charge.  The  two  tests  are  performed  with  similar  experimental  set¬ 
up  (Fig.  8).  A  stainless  steel  confinement  (cylinder)  of  10  mm  inner  diameter  and  35  mm 
high  is  placed  on  an  aluminium  witness  plate.  The  assembly  is  kept  in  place  with  insulating 
foam.  The  tested  explosive  composition  is  pressed  in  the  steel  confinement  to  a  given 
density.  This  test  set-up  is  analogue  to  the  one  described  in  the  standard  prEN  13763-15 
(Determination  of  equivalent  initiating  capability  of  detonators). 

5.1  Brisance 

When  the  brisance  is  tested,  the  TATP  is  initiated  with  a  #8  detonator  and  the  thickness 
of  the  witness  plate  is  30  mm.  The  brisance  is  evaluated  by  measuring  the  depth  of  the  dent 
made  in  the  aluminium  witness  plate  and  by  visual  investigation  of  the  fragmentation  of  the 
confining  steel  cylinder.  The  assembly  is  shown  on  Fig.  8(a). 

The  brisance  is  a  function  of  the  density  of  the  explosive  sample.  The  correlation 
between  the  brisance  and  the  density  is  usually  linear  and  an  increasing  density  means 
usually  an  increasing  brisance.  In  some  specific  cases  high  density  does  not  imply  high 
brisance.  The  brisance  of  HMTD  has  not  been  evaluated  because  of  its  extreme  sensitivity, 
which  didn’t  enable  us  to  press  it  safely.  For  TATP,  the  test  has  been  performed  at  a  density 
equal  to  1.26.  The  same  test  is  performed  with  TNT  and  RDX  to  compare  the  performance 
of  TATP  with  well-known  high  explosives  (Table  3). 

These  results  indicate  that  TATP  is  definitely  a  high  explosive,  but  somehow  less 
powerful  than  TNT.  Tests  with  TATP  at  density  lower  than  1.26  have  not  been  carried  out. 
But  according  to  the  results  mentioned  in  the  next  paragraph,  one  may  speculate  and  expect 
that  the  brisance  at  low  density  could  be  higher,  even  higher  than  the  one  of  TNT. 
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#8  detonator 


J 


(a)  (b) 

Fig  8.  (a)  Assembly  for  testing  the  brisance  of  TATP 
(b)  Example  of  imprint  in  the  witness  plate 
(test  with  TATP  at  1 .26  density) 


Table  3.  Qualitative  comparison  of  the  brisance  (dent  depth  in  witness  plate)  of 
TATP  with  values  obtained  with  other  explosives 
Each  explosive  charge  has  been  initiated  with  a  #8  detonator 


Explosive  (X) 

TNT 

RDX 

HMTD 

TATP 

Manufacturing  pressure  (bar) 

1440 

50 

Spontaneous  explosion 
during  sample  preparation 

720 

Mass  of  explosive  charge  (g) 

3.25 

2.7 

2.27 

Diameter  of  expl.  charge  (mm) 

10 

10 

7 

10 

Density  of  explosive 

1.55 

1.3 

1.4 

1.26 

Dent  depth  (mm) 

6.84 

5.43 

5.9 

Not  tested 

3.65 

5.2  Initiation  capability 

In  a  first  experimental  setting,  a  TATP  charge  is  initiated  by  a  fusehead.  The  full 
detonation  and  the  initiation  capability  of  the  charge  are  evaluated  by  measuring  the  dent 
depth  in  the  aluminium  witness  plate  and  by  comparing  it  with  the  imprint  of  regular 
detonators  (Fig  9a).  This  experimental  procedure  is  quite  similar  to  the  one  described  in  the 
CEN  prEN  13763-15  for  the  determination  of  the  initiation  capability  of  detonators.  The 
thickness  of  the  witness  plate  is  equal  to  10  mm.  Figure  9(a)  shows  a  schematic  of  the 
assembly  and  Table  4  gives  the  experimental  conditions  and  the  test  results.  The  initiation 
capability  of  TATP  is  surprisingly  inversely  proportional  to  its  density.  Figure  10  gives  the 
dent  depth  as  function  of  the  TATP  density. 


(a)  (b) 


Fig  9.  Assembly  for  testing  the  initiating  capability: 

(a)  set-up  similar  to  the  CEN  standard  prEN  13763-15  for  detonators 

(b)  set-up  for  testing  direct  initiation  of  a  small  TNT  charge  by  a  TATP 
or  HMTD  pellet 

Table  4.  Initiating  capability  of  TATP  (dent  depth  in  witness  plate) 
at  different  initial  densities 
The  TATP  charge  is  initiated  by  a  fusehead 


Density 

Mass 

(g) 

Diameter 

(mm) 

Manufacturing 
pressure  (bar) 

Effect 

Dent  depth  (mm) 

0.86 

1.14 

7.62 

Manually 

Detonation 

2.5 

1.03 

1.54 

7.65 

303.5 

Detonation 

2.03 

1.18 

1.35 

7.7 

-425 

Low  order 
detonation 

0.26 

1.18 

1.69 

7.65 

607 

Low  order 
detonation 

0.3 

1.25 

2.29 

10.20 

720 

Deflagration 

(bum) 

Standard  #8  detonator 

1.96 
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Dent  depth  versus  TATP  density 

3 
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TATP  density 

Dent  depth  versus  TATP  density 

A  second  experimental  set-up  consists  in  directly  initiating  a  secondary  TNT  charge  with 
a  small  compressed  pellet  of  TATP  or  HMTD  and  witnessing  the  full  detonation  of  TNT  on 
the  Al-witness  plate  (Fig.  9b).  The  HMTD  or  TATP  initiating  charge  is  ignited  with  a 
fusehead,  like  in  any  standard  electric  detonator.  270  mg  of  HMTD  compressed  at  +/-  70 
bars  make  TNT  easily  detonating.  The  obtained  dent  is  6.085  mm  depth  (Table  5),  which 
corresponds  to  a  fully  detonated  TNT  charge.  The  TATP  pellet  must  be  somehow  larger  to 
achieve  full  detonation  of  the  TNT.  Moreover,  the  experiments  show  the  same  tendency  than 
that  observed  in  previous  experiments:  the  initiation  capability  of  TATP  is  inversely 
proportional  to  its  density. 

These  tests  show  the  very  good  initiation  capability  of  both  HMTD  and  TATP. 

Table  5.  Witness  of  the  full  detonation  of  the  TNT  secondary  charges, 
initiated  by  TATP  or  HMTD 

The  TATP  /  HMTD  primary  charge  is  ignited  by  a  fusehead 


E 

E 


o. 

a) 

u 

+-» 

£ 

a> 

a 


Fig  10. 


Primary  Initiating 
Charge 

Secondary  charge  (TNT)  and  effect  on  witness  plate 

TATP/HMTD 

density 
(g/ cm3) 

mass 

(g) 

Diameter 

(mm) 

Length 

(mm) 

Effect 

Dent  depth 
(mm) 

0.880  g  TATP 

1.55 

4.39 

10 

43.08 

TNT  detonates 

7.1 

0.270  g  HMTD 

1.55 

3.3 

10 

26.95 

TNT  detonates 

6.085 
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6. 


CONCLUSION 


The  risks  associated  with  these  two  peroxides  are  demonstrated.  HMTD  and  TATP  are 
both  very  sensitive,  but  HMTD  seems  much  more  dangerous  than  TATP  when  handled  and 
manipulated.  Both  explosive  compounds  can  be  used  successfully  as  primary  initiating 
charges. 

The  synthesis  of  these  compounds  is  reasonably  easy.  For  TATP,  the  efficient  synthesis 
is  more  complicated  due  to  the  temperature  influence  on  the  quality  of  the  produced 
explosive.  It  is  important  to  note  that  even  when  the  synthesis  is  not  optimised,  the  formed 
explosive  product  remains  useable  but  with  diverse  sensitivity  and  performances. 

The  brisance  of  HMTD  could  not  be  evaluated  due  to  its  high  sensitivity.  TATP  exhibits 
a  brisance  ranging  approximately  from  60%  to  1 00%  of  the  one  of  TNT. 

The  risks  associated  with  these  two  compounds  require  specific  safety  precautions  to 
work  with  and  their  use  is  not  recommended. 
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Abstract: 

Properties  of  ammonium  nitrate  prills  determine  the  physical  stability  and  detonation 
characteristics  of  ANFO.  Some  physical  characteristics  of  ammonium  nitrate  prills 
(apparent  density,  specific  surface  area  and  structure  examinations  by  scanning 
electron  microscopy)  were  determined.  We  investigated  the  influence  of  commercial 
ammonium  nitrate  prill  properties  on  detonation  velocities  of  some  explosives.  They 
included  commercial  ANFO  explosives  and  their  mixtures  with  demilitarized  double 
base  propellants  of  different  nitroglycerine  content.  Results  suggest  that  double  base 
rocket  propellants  can  increase  detonation  parameters  of  mining  explosives. 


Keywords:  waste  energetic  materials,  ANFO,  demilitarized  double  base 

propellant,  ammonium  nitrate  prills 


1.  INTRODUCTION 

Ammonium  nitrate  (AN),  which  is  intended  for  use  as  an  oxidizer  in  explosives,  is 
manufactured  in  the  form  of  porous  prills.  The  prills  can  absorb  liquid  carbonaceous  fuel  to 
produce  ANFO  (ammonium  nitrate  and  fuel  oil).  ANFO  is  one  of  the  most  popular  industrial 
explosives  because  it  is  safe  and  easy  to  handle.  It  is  also  relatively  inexpensive.  Properties 
of  AN  prills  determine  the  physical  stability  and  detonation  parameters  of  ANFO  f1'21.  The 
low-density  ANFO  has  the  improved  detonation  characteristics,  such  as  detonation  velocity, 
in  comparison  with  the  conventional  one. 

In  our  study  we  attempted  to  show  some  correlation  between  the  physical  properties  of 
porous  prilled  AN  and  the  detonation  characteristics  of  ANFO  and  their  mixtures  with 
demilitarized  double  base  propellants.  Waste  rocket  propellants  are  a  growing  disposal 
problem.  Demilitarized  double  base  propellants  may  be  economically  and  efficiently  utilized 
in  industrial  explosives  f3~5'.  ANFO  is  one  of  the  industrial  explosives,  which  is  suitable  for 
double  base  propellant  incorporation.  Our  research  is  to  support  the  development  of  methods 
of  double  base  propellant  disposal. 
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2. 


EXPERIMENTAL 


2.1  Materials 

2.1.1.  Commercial  ammonium  nitrate  prills  and  ANFO 

Two  different  kinds  of  commercial  ammonium  nitrate  prills  were  chosen.  They  were 
both  products  targeted  for  use  as  an  oxidizer  in  explosives.  They  were  commercial  prills  with 
additives,  but  the  type  and  the  amount  of  the  additives  were  not  known.  The  first  sample, 
identified  as  AN  1  is  a  conventional  porous  prilled  AN  type.  The  second  one,  AN  2,  is 
a  low-density  porous  AN. 

Two  types  of  commercial  ANFO  were  used  in  this  study.  The  first  one,  designated  as 
ANFO  1,  was  made  of  AN  1.  The  second  one,  ANFO  2,  was  made  of  AN  2.  Both  AN  prills 
and  ANFO  were  received  from  Polish  producers. 

2.1.2.  Double  base  propellants 

We  used  two  different  kinds  of  double  base  propellants,  identified  as  propellant  A  and 
propellant  B.  They  were  in  the  form  of  squares  of  2x2  mm,  having  a  thickness  of  0,25  mm. 
The  propellants  differed  primarily  in  nitroglycerine  content.  Propellant  A  contained  40  %  of 
nitroglycerine.  The  nitroglycerine  content  in  propellant  B  was  only  26  %,  but  dinitrotoluene 
(9  %)  was  present.  Propellant  content  in  investigated  mixtures  was  20  and  40  %. 

2.2  Measurements  of  ammonium  nitrate  properties 

We  determined  some  physical  characteristics  of  prilled  ammonium  nitrate.  They 
included  bulk  density,  apparent  density,  specific  surface,  size  distribution  and  oil  absorption. 

The  bulk  density  refers  to  the  density  of  prills  including  pores  and  inter-prills  spaces. 
The  apparent  density  means  the  mass  of  AN  divided  by  its  apparent  volume  (volume 
excluding  open  pores  but  including  closed  pores).  The  apparent  density  of  AN  was 
established  by  gas  (helium)  pycnometer.  This  provides  a  more  accurate  determination  of 
void  volumes  than  can  be  obtained  via  liquid  displacement. 

The  determination  of  specific  surface  was  based  on  a  low-temperature  gas  adsorption 
process  analysed  with  the  algorithm  introduced  by  Brunauer,  Emett  and  Teller  (BET 
method). 

The  size  distribution  was  determined  by  sorting  the  prills  through  sieves  with  various 
sizes.  The  prills  were  sifted  in  seven  size  ranges. 

For  oil  absorption  test  only  prills  over  diameter  of  1  mm  were  used.  Method  of  oil 
absorption  test  involved  measuring  the  percentage  of  fuel  oil  that  could  only  be  absorbed 
into  the  AN  prills. 

The  external  and  internal  structure  of  AN  prills  was  examined  by  scanning  electron 
microscopy.  The  sample  preparation  was  a  standard  procedure. 
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2.3  Velocity  of  detonation 

The  detonation  velocity  tests  were  conducted  in  steel  pipes  having  an  inside  diameter  of 
36  mm,  an  outer  diameter  of  42  mm  and  a  length  of  210  mm.  The  explosives  were  loaded 
into  pipes  with  moderate  tamping.  Detonation  velocity  was  determined  by  the  measurement 
of  the  time  of  detonation  wave  transition  through  three  sections;  each  of  them  was  40  mm 
long.  Every  explosive  was  initiated  by  RDX/A1  booster  with  a  detonator.  Measurements  of 
time  were  done  by  short  circuit  sensor  method. 

3.  RESULTS 

3.1  Physical  characteristics  of  ammonium  nitrate  prills 

The  bulk  density,  apparent  density,  specific  surface  area,  prill  size  distribution  and  oil 
absorption  test  values  of  two  different  AN  are  summarized  in  Table  1.  The  size  distribution 
test  data  are  given  in  Table  2. 

Table  1.  Physical  characteristics  of  AN  prills 


Type 

Bulk  density  Apparent  density  Density  ratio 
[g/cm3]  [g/cm3] 

Surface  area  Oil  absorption 
[nr/g]  [%] 

AN  1 

0,82  1,61 

0,5 

0,01 

4,0 

AN  2 

0,69  1,70 

0,4 

0,08 

10,5 

Table  2.  Size  distribution  of  AN  prills 

Type  mass  with  prill  diameter  [%] 

>2,50  2,00-2,50  1,60-2,00 

1,25-1,60 

1,00-1,25  0,80-1,00 

<0,80 

AN  1 

2,7  15,1  81,5 

0,2 

0,5 

AN  2 

1,1  7,3  75,8 

8,6 

4,9  1,4 

0,9 

When  a  solid  material  is  in  granular  or  powdered  form,  the  bulk  contains  three  types  of 
void:  open  pores,  cavities  with  no  access  to  an  external  surface  and  interparticle  space.  The 
total  volume  of  interparticle  voids  depends  on  the  size  and  shape  of  the  individual  particles 
and  how  well  the  particles  are  packed.  There  is  a  significant  difference  in  bulk  density  and 
apparent  density  of  AN  1  and  AN  2.  Although  AN  1  bulk  density  is  higher,  its  apparent 
density  is  lower.  That  means  that  there  are  more  closed  pores  in  AN  1.  The  volume  of  closed 
cavities  in  the  case  of  AN  2  is  small,  as  the  density  of  ammonium  nitrate  is  1,73  g/cm  . 
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The  two  types  of  AN  also  differ  in  size  distribution  of  prills  that  is  wider  in  the  case  of 
AN  2.  Neither  of  the  AN  samples  proved  to  contain  a  significant  amount  of  fine  material. 
The  type  AN  1  have  about  16  %  of  prills  with  smaller  dimensions.  Specific  surface  area  for 
both  AN  types  is  rather  small.  The  desorption  process  were  done  at  low  temperature 
(because  of  AN  phase  transitions)  but  the  results  of  the  test  were  repeatable.  However,  the 
results  of  specific  surface  area  and  oil  absorption  tests  are  in  agreement  with  the  size 
distribution  of  the  AN  samples.  The  development  of  specific  surface  of  AN  2  influences  the 
bigger  value  in  oil  absorption  test. 

3.2  Structure  Examination  by  Scanning  Electron  Microscopy 

The  external  and  internal  structure  of  AN  prills  was  examined  by  scanning  electron 
microscopy.  Although  we  can  only  examine  the  sample  surface  with  a  small  viewing  area  it 
is  sufficient  for  evaluating  the  differences  in  prill  structure.  We  investigated  the  external  and 
internal  surface  of  AN  prills.  As  presented  in  Fig.  1  the  external  surface  of  AN  prills  is  not 
smooth.  The  internal  structure  of  the  prills  is  more  interesting.  As  depicted  in  Fig.  2  and  5 
both  AN  prills  have  an  internal  central  hollow,  but  AN  2  also  have  some  smaller  hollows 
around  the  central  one.  The  internal  structure  of  AN  2,  as  shown  in  Fig.  3  and  4,  consists  of 
interconnected  grains.  The  internal  structure  of  AN  1  is  different  [Fig.  6  and  7].  There  are 
lots  of  small  pores  and  the  structure  of  AN  resembles  pumice-stone.  These  small  pores  have 
no  connection  with  the  external  surface  of  the  prills  and  that  is  why  AN  1  prill  has  lower 
apparent  density. 


Fig  1.  SEM  micrograph  on  the  external  surface  of  AN  2  prill 
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Fig  2.  SEM  micrograph  on  the  cross-section  of  AN  2  prill 


Fig  3.  SEM  micrograph  on  the  internal  surface  of  AN  2  prill 
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Fig  6.  SEM  micrograph  on  the  internal  surface  of  AN  1  prill 
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Fig  7.  SEM  micrograph  on  the  internal  surface  of  AN  1  prill 
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3.3  Velocity  of  detonation 

Compositions  of  investigated  mixtures  and  results  of  detonation  velocity  measurements 
are  presented  in  Table  3  and  4. 

Table  3.  Detonation  velocities  of  ANFO  and  ANFO/double  base  propellant  A 


Explosive 

Tap  density 
[kg/m3] 

VOD  [m/s] 

ANFO  1 

972 

2000 

ANFO  2 

761 

2560 

ANFO  1/  propellant  80/20 

942 

3050 

ANFO  1/  propellant  60/40 

848 

3540 

ANFO  2/  propellant  80/20 

782 

3280 

ANFO  2/  propellant  60/40 

775 

3610 

Table  4.  Detonation  velocities  of  ANFO  and  ANFO/double  base  propellant  B 


Explosive 

Tap  density 
[kg/m3] 

VOD  [m/s] 

ANFO  1 

972 

2000 

ANFO  2 

761 

2560 

ANFO  1/  propellant  80/20 

975 

1800 

ANFO  1/  propellant  60/40 

970 

2140 

ANFO  2/  propellant  80/20 

781 

2790 

ANFO  2/  propellant  60/40 

779 

3120 

The  measured  VOD  values  of  the  ANFO  appeared  to  coincide  with  the  densities  of  the 
explosives,  with  the  lower  density  product  producing  higher  detonation  velocity.  The  results 
show  that  the  addition  of  double  base  propellant  A  increases  detonation  velocities  of  both 
ANFO  1  and  ANFO  2.  The  bigger  is  propellant  content  the  higher  detonation  velocity  of 
investigated  explosives.  That  indicates  detonation  process  in  investigated  mixtures 
propagates  mainly  between  grains  of  propellant  A.  However  the  increase  in  detonation 
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velocities  of  ANFO  2  with  20  %  of  propellant  A  is  not  significant.  Explosives  with  40  %  of 
double  base  propellant  A  have  the  most  favorable  detonation  parameters.  There  is  no  clear 
detonation  velocity  increase  in  the  case  of  double  base  propellant  B.  ANFO  1  with  20  %  of 
propellant  B  detonates  at  lower  velocity  than  ANFO  2. 


4.  CONCLUSIONS 

This  study  confirmed  that  physical  characteristics  of  AN  prills  influenced  detonation 
parameters  of  ANFO  and  they  mixtures  with  double  base  propellants.  Double  base  rocket 
propellants  can  be  used  as  ingredients  of  ANFO,  increasing  their  detonation  parameters.  The 
increase  of  detonation  velocity  depended  on  the  ANFO  type.  Two  types  of  ANFO  were 
investigated  -  conventional  ANFO  1  and  low-density  ANFO  2.  The  most  significant 
increase  in  detonation  velocity  we  observed  in  the  case  of  ANFO  1  with  propellant  A 
containing  higher  amount  of  nitroglycerine.  That  means  that  conventional  ANFO  can 
improve  its  detonation  characteristics  by  the  addition  of  propellant  of  high  detonation 
velocity.  Detonation  parameters  of  ANFO  were  not  significantly  influenced  by  propellant  B 
of  lower  detonation  velocity  and  lower  nitroglycerine  content.  The  increase  in  detonation 
velocities  was  rather  low. 
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Abstract: 

Many  properties  of  molecular  fluids  may  only  be  estimated  using  group  contribution 
methods.  Some  of  them  lend  themselves  naturally  to  such  an  additive  scheme  (e.g.  the 
density)  while  this  is  not  the  case  for  others  (e.g.  the  thermal  stability).  Alternative 
models  are  presented  to  calculate  the  density  and  decomposition  temperature  of 
molecular  liquids.  For  the  density,  the  accuracy  of  the  new  scheme  is  similar  to  that  of 
the  most  reliable  available  methods,  despite  a  drastic  reduction  of  the  number  of 
empirical  parameters.  For  thermal  stability,  a  simple  kinetic  model  is  shown  to  be  a 
better  basis  to  develop  predictive  tools  than  any  group  contribution  schemes. 

Keywords:  thermostability,  density,  molecular  modelling, 

group  contribution  methods 


1.  INTRODUCTION 

The  group  contribution  approach  is  a  very  simple  method  to  estimate  the  properties  of 
molecular  solids  or  liquids.  In  this  scheme,  the  system  under  study  is  viewed  as  a  mixture  of 
chemical  groups.  It  is  especially  suited  for  extensive  properties  X,  that  scale  with  the  number 
of  atoms  in  the  system.  In  that  case,  X  is  simply  expressed  as  the  sum  of  contributions  Xt 
associated  with  the  various  groups  i.  The  result  is  exact  if  there  is  no  interaction  between  the 
groups.  For  instance,  the  mass  M  of  a  compound  is  exactly  the  sum  of  the  masses  Mi  of  its 
atoms.  In  contrast,  its  molar  volume  V  in  a  condensed  phase  is  only  approximately  obtained 
as  the  sum  of  atomic  volumes  V,-.  In  practice,  the  contribution  X,-  to  property  X  is  often 
assumed  to  depend  on  the  environment  of  atom  i.  Alternatively,  i  stands  for  a  chemical 
group  (such  as  nitro  -NCF,  methylene  -CFf?-,  amine  -NH2...)  rather  than  for  an  atom. 
Furthermore,  many  extensive  properties  do  not  easily  lend  themselves  to  such  an  additive 
decomposition.  For  instance,  satisfactory  estimates  of  formation  enthalpies  A ff  may  be 
derived  using  group  contribution  schemes  provided  a  very  large  number  of  groups  and  ad 
hoc  terms  accounting  for  inter-groups  interactions  are  introduced,  thus  restricting  the  scope 
of  the  method. f  11 

On  the  other  hand,  an  intensive  property  x,  such  as  the  density  p  or  the  decomposition 
temperature  Tdec,  cannot  be  obtained  as  a  sum  of  group  contributions.  In  many  cases, 
intensive  properties  may  be  derived  from  intensive  ones,  suitable  for  a  group  contribution 
approach.  For  instance,  the  density  p  is  usually  obtained  as  the  ratio  M/V  where  M  is  the 
mass  of  the  system  and  V  its  volume,  both  derivable  from  additive  group  contributions.  The 
surface  tension  y  of  a  liquid  is  related  to  the  molar  volume  V  and  to  the  so-called  parachor  P 
through  y  =  ( P/V )4  (neglecting  the  density  of  the  vapor  wrt  the  density  of  the  liquid).  P  turns 
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out  to  be  an  additive  quantity.  Thus,  y  is  often  estimated  from  values  of  P  and  V  obtained 
from  group  contribution  models.  However,  such  simple  relationships  between  intensive  and 
extensive  properties  are  not  always  straighforwards.  For  instance,  transition  temperatures 
(Tm  for  melting,  Tg  for  glass  transition  or  Tdec  for  decomposition)  are  not  so  simply  related  to 
additive  properties.  Such  properties  x  are  usually  estimated  as  an  average  over  group  values 
X/.  The  weighting  scheme  for  this  average  is  arbitrarily.  In  most  cases,  to  estimate  x,  the 
extensive  quantity  X=M.x  is  introduced.  In  other  words,  the  contribution  of  chemical  groups 
i  are  weighted  according  to  the  group  masses  A/,.  Indeed,  in  that  case,  x;  =  Xj/Mj  represents 
the  value  of  x  for  group  i.  Curiously,  this  widely  accepted  approach  has  been  used  also  to 
estimate  liquid  densities  through  the  M. p  product,  rather  than  from  the  molar  volume.121 

This  paper  focusses  on  very  simple  models  as  alternatives  to  group  contribution 
approaches.  Two  properties  are  addressed.  The  first  is  the  density  p,  for  which  the  use  of 
group  contributions  (via  the  molar  volume  V)  is  quite  natural.  The  second  property 
investigated  is  the  decomposition  temperature  Tdec  for  which  the  model  based  on  a  weighted 
average  over  group  decomposition  temperatures  7),  although  quite  reasonable,  appears 
deficient. 

2.  NORMAL  LIQUID  DENSITIES 

2.1  Motivation 

Density  is  one  of  the  condensed-phase  properties  for  which  group  contribution 
approaches  are  most  successful.  For  crystals,  recent  schemes  taking  advantage  of  the 
availability  of  extensive  databases  yield  an  average  accuracy  of  2%.  For  liquids,  versatile 
models  are  less  numerous.  A  popular  one  is  the  group  contribution  scheme  commercialized 
by  ACD.f3'  Typical  errors,  although  maybe  more  significant  than  for  crystals,  are  mostly 
within  a  few  percents.  However,  this  fair  accuracy  relies  on  a  large  number  of  adjustable 
parameters.  The  present  scheme  examines  to  what  extent  the  use  of  3D  structures  could 
afford  a  reduction  of  these  parameters,  or  an  extension  of  the  scope  of  group  contributions 
schemes. 

2.2  The  van  der  Waals  model 

While  the  molar  volume  V  of  solids  and  liquids  scales  linearly  with  the  van  der  Waals 
volume  Vw  of  the  constitutive  molecules,  it  is  well-known  that  the  simple  expression 
V=(\/k)Vw  yields  poor  results.  In  an  attempt  to  improve  over  this  procedure,  Piacenza  et  al. 
used  overestimated  van  der  Waals  volumes  (calculated  using  molecular  atomic  radii,  larger 
than  the  standard  van  der  Waals  radii)  and  introduced  an  additional  constant  in  the  linear 
expression  above,  expressing  the  molar  volume  as  V=  {\lk)Vw-b}^ 

In  fact,  a  more  natural  approach  consists  in  seeking  to  account  for  the  variation  of  the 
inverse  compacity  1  Ik,  instead  of  assuming  a  constant  value.  The  most  obvious  reason  for 
variations  of  1  Ik  among  different  compounds  is  hydrogen  bonding,  which  brings  about 
enhanced  overlap  between  the  van  der  Waals  volumes  of  neighbouring  molecules.  Thus, 
hydrogen  bonds  contribute  negatively  to  the  reduced  volume  1  Ik. 

On  the  other  hand,  considering  van  der  Waals  molecular  models,  empty  space  between 
molecules  in  condensed  phases  occur  at  the  molecular  surfaces.  Therefore,  it  is  natural  to 
assume  that  for  a  given  value  of  the  van  der  Waals  volume  Vw,  the  empty  volume  between 
molecules  increases  which  the  van  der  Waals  surface  area  Aw. 
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To  account  for  the  influence  of  these  factors  on  molar  volumes  of  liquids,  the  following 
expression  for  1  Ik  is  introduced: 

i  =  (1) 

1 

where  Aj  is  the  contribution  of  atom  i  to  Aw,  /,  is  the  rate  of  change  of  the  molar  volume  as  A,- 
is  varied,  h  is  a  parameter  measuring  the  number  of  hydrogen  bonds  in  the  fluid  and  g  is  the 
rate  of  change  of  the  molar  volume  with  h.  The  adjustable  parameters  are  /,  and  g. 
Considering  a  liquid  with  small  concentrations  Cd  and  Ca  of  proton  donors  and  acceptors, 
the  concentration  of  hydrogen  bonds  would  be  K6.Cd.Ca  where  Ke  is  the  equilibrium 
constant  for  hydrogen  bond  formation.  In  fact,  the  protons  donors  and  acceptors  are  more  or 
less  available  for  hydrogen  bonding.  Therefore,  Cd-Ca  is  replaced  with  H=Ad.Aa  /  Aw  where 
Ad  and  A  a  stand  for  the  available  surface  area  of  proton  donors  and  proton  acceptors  on  the 
molecule. 

Table  1.  Values  of  the  U  parameters  for  common  chemical  elements ,  in  A. 


H 

C 

N 

O 

F 

S 

Cl 

Br 

1.135 

1.277 

1.170 

0.957 

1.508 

1.126 

1.312 

1.307 

The  lj  coefficients  (lengths)  are  assumed  to  depend  only  on  the  atomic  number  of  atom  i. 
They  were  fitted  against  the  normal  densities  of  138  compounds  with  no  hydrogen  bond. 
Their  values  are  listed  in  Table  1.  Then,  g  was  fitted  against  the  densities  of  64  hydrogen- 
bonded  liquids,  using  the  /,  coefficients  previously  derived.  A  value  of  2.918  was  found. 

2.3  Results 

The  present  scheme  was  applied  to  35  organic  molecules  not  included  in  the  calibration 
set.  The  average  absolute  error  obtained  is  3.4%  versus  4.0%  for  the  ACD  additive  scheme. 
For  an  additional  dozen  of  heavy  compounds  (perhalogenated  or  heavily  nitrated)  both 
schemes  exhibited  average  absolute  error  of  10%.  In  fact,  the  densities  calculated  using  the 
present  van  der  Waals  approach  and  the  ACD  group  contribution  method  are  quite  similar 
and  fail  in  the  same  cases.  More  parameters  are  needed  for  the  group  contribution  approach 
in  order  to  account  for  the  overlap  of  neighbouring  atoms  within  chemical  groups.  This 
overlap  is  naturally  taken  into  account  by  the  van  der  Waals  approach.  Because  of  this 
dramatic  reduction  of  the  number  of  empirical  parameters  needed,  the  scope  of  the  present 
scheme  is  enhanced.  For  instance,  it  may  be  applied  to  liquid  azides  that  lie  beyond  the 
scope  of  the  ACD  parameterization.  Predicted  densities  thus  obtained  are  reported  in  Table 
2.  The  average  absolute  deviation  from  experiment  is  3.2%. 
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Table  1.  Experimental  and  calculated  ( using  the  present  van  der  Waals  model) 
normal  liquid  densities  of  azide  compounds  (g/cc). 


Compound 

Peak 

Pobs 

1  -Azidohexane 

0.962 

0.979 

1-Azidopentane 

0.963 

0.985 

4-Azidotoluene 

1.061 

1.053 

1 ,5-Diazidobutane 

1.005 

1.060 

2-Azidotoluene 

1.071 

1.065 

Azidomethylbenzene 

1.059 

1.066 

1 ,4-Diazidobutane 

1.033 

1.079 

Azidobenzene 

1.094 

1.086 

2-Azidoethanol 

1.176 

1.149 

1  -2bis,2-Azidoethyl-diaziridine 

1.072 

1.170 

Bis- 1 ,3  -Diazidoisopropyladipate 

1.311 

1.254 

1  ;3-Diazidopropanol 

1.293 

1.260 

1 ,2,4-Triazidobutane 

1.164 

1.266 

3.  DECOMPOSITION  TEMPERATURES 
3.4  Motivation 

To  date,  no  theory  is  available  to  predict  decomposition  temperatures  Tdec •  In  fact,  this 
quantity  is  not  well-defined  as  it  depends  on  details  of  the  measurement  technique.  To 
estimate  Tdec  for  polymers,  a  group  contribution  approach  is  available/5'  which  has  been 
subsequently  extended  using  topological  indexes/6'  For  energetic  materials,  no  such  scheme 
is  available.  In  fact,  experimental  values  are  lacking  to  develop  such  procedures. 

In  this  context,  a  standard  criterion  for  thermostability  is  the  bond  dissociation  energy  De 
for  the  weakest  bond  in  the  compound.  For  nitro  compounds,  this  weakest  bond  is  usually  an 
explosophore  X-NCF  bond.  For  some  compounds,  this  criterion  works  very  well,  as 
illustrated  on  Figure  1.  This  is  all  the  more  surprising  as  some  of  the  materials  reported  on 
Figure  1  decompose  in  the  solid  state,  while  most  of  them  decompose  in  the  melt.  In  the 
latter  case,  the  molecules  in  crystals  do  not  have  as  many  degrees  of  freedom  as  in  the  melt 
for  reacting  together.  The  procedure  based  on  De  values  (calculated  on  isolated  molecules) 
does  not  account  for  the  additional  constraints  induced  by  solid-state  decomposition. 
Therefore,  in  such  cases,  as  for  HMX,  decomposition  temperatures  should  be 
underestimated.  Since  Tdec  is  in  fact  overestimated  for  FIMX,  the  excellent  results  of  Figure  1 
are  a  matter  of  chance.  Indeed,  for  nitroalkanes  and  nitric  esters,  no  such  good  results  were 
obtained,  hence  the  interest  of  alternative  approaches. 
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Fig  1.  Decomposition  temperatures  of  some  nitro  compounds  (in  °C)  as  a 

function  of  the  dissociation  energy  (in  kJ/mol)  of  the  weakest  X-NO2  bond 
in  the  compound,  calculated  using  the  semi-empirical  PM3  method.  Tetryl 
is  found  to  be  unstable  at  this  level. 

3.2  Influence  of  the  number  of  trigger  linkages 

The  previous  procedure  based  on  De  focusses  on  one  bond  (the  weakest  one).  In  fact,  it 
may  be  expected  that  the  more  trigger  bonds  are  present  in  a  given  amount  of  material,  the 
easier  it  is  for  it  to  decompose.  This  is  especially  clear  when  several  weak  bonds  have  the 
same  energy  (by  symmetry).  Therefore,  in  addition  to  the  energy  of  individual  bonds,  the 
distribution  of  trigger  linkages  with  different  dissociation  energies  should  be  considered.  It  is 
expected  that  the  larger  the  concentration  n  of  trigger  linkages,  the  lower  the  decomposition 
temperature.  This  is  actually  the  case,  as  illustrated  in  Figure  2  for  compounds  that 
decompose  in  the  melt,  and  are  listed  elsewhere. f?l 

A  simple  group  contribution  approach  might  assign  decomposition  temperatures  TdeJtr> 
and  Tdec{l)  to  trigger  linkages  and  other  moities,  respectively.  Then,  Tdec  should  decrease 
linearly  with  n.  In  fact,  Figure  2  rather  suggests  a  concave  function  Tdec{n). 

To  account  for  this  concavity,  a  simple  analytic  model  may  be  easily  derived  from 
kinetic  considerations.  The  critical  step  is  the  proper  definition  of  Tdec  at  the  microscopic 
level.  We  start  from  the  number  N  of  chemical  bonds  not  yet  damaged  by  the  decomposition 
process.  The  reaction  rate  is  defined  as: 

k=j^-=jf£NiA  exp(-B/toD  (2) 

i 

with  Nj  the  number  of  trigger  bonds  of  type  i,  A and  Ej  kinetic  parameters  associated 
with  rupture  of  i  bonds.  In  this  model,  k  depends  on  temperature,  the  possibility  of  chain 
reactions  is  disregarded.  In  that  case,  it  is  natural  to  define  Tdec  as  the  temperature  for  which 
k  reaches  a  critical  value  kc. 
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Fig  2.  Decomposition  temperatures  of  nitro  compounds  (in  °C)  as  a  function  of 
the  trigger  linkage  (X-NO2)  concentration  (in  %). 


In  that  case,  Tdec  is  a  solution  of  a  simple  algebraic  equation,  involving  a  pair  (a,,  E )) 
of  kinetic  parameters  for  every  kind  i  of  trigger  linkages  (a,  stands  for  a  reduced  pre¬ 
exponential  factor  equal  to  Ai/kc).  These  parameters  may  be  obtained  from  adjustments 
against  observed  decomposition  temperatures.  In  principle,  it  is  necessary  to  introduce 
several  pairs  of  kinetic  parameters  according  to  the  type  of  trigger  bond  (N-NO2,  C-NO2,  O- 
NO2).  This  has  been  done  in  a  previous  work.  In  fact,  a  single  pair  (a,,  E:)  allows  to  derive 
an  analytic  expression  for  Tdec' 


1  _  1 

kBTdec  Ei 


(3) 


This  simple  analytic  expression  fits  the  data  on  Figure  2  reasonably  well,  as 
illustrated  by  the  dashed  line.  In  contrast  to  the  group  contribution  approach  which  would 
predict  a  linear  dependence,  it  accounts  for  the  concavity  of  the  function.  Therefore,  it  might 
provide  a  useful  starting  point  for  new  models  to  estimate  thermostability  of  materials  that 
decompose  in  the  melt.  For  instance,  Ni  is  an  extensive  parameter  that  could  be  estimated 
using  a  group  contribution  scheme.  A  more  physical  approach  might  aim  at  improving  the 
model  or  the  evaluation  of  the  kinetic  parameters. 
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Abstract: 

A  stable  algorithm  of  structural  and  parametric  identification  of  combustion  dynamic 
characteristics  from  the  results  of  experiments  with  registration  of  the  current  burning 
front  position  has  been  developed,  which  allows  prediction  of  current  values  of  burning 
rate  u( t)  and  its  frequency  response  with  accuracy  acceptable  to  practice.  The  proposed 
approach  has  been  tested  by  simulation  calculations  with  harmonic  input  signals, 
including  superimposed  noise  of  different  intensity,  to  determine  the  accuracy  of 
identification  of  the  amplitude  and  phase  frequency  characteristics  of  burning.  The 
approach  has  been  used  to  study  dynamic  combustion  characteristics  of  a  model 
propellant  under  oscillating  pressure.  The  transfer  and  response  functions  have  been 
determined  for  a  low  frequency  area.  It  has  been  shown  that  the  approach  is  favorably 
distinguished  from  other  procedures  by  higher  accuracy  and  authenticity  of  estimations. 

Keywords:  combustion,  dynamic  characteristic,  solid  propellants, 

transfer  functions,  response  functions 


1.  INTRODUCTION 

Study  of  non-stationary  combustion  processes  of  solid  propellants  is  of  large  importance 
when  creating  propulsion  systems  with  automatic  regulation  of  pressure  (mass  flow,  thrust) 
in  the  combustion  chamber.  In  such  systems,  solid  propellant  combustion  dynamic 
characteristics  largely  determine  areas  of  steady  work,  output  parameters  and  design  of  the 
systems.  Accuracy  of  prediction  of  dynamic  characteristics  determines  available  stability 
margin  of  the  systems.  In  this  connection,  problems  of  the  prediction  of  these  characteristics 
with  accuracy  acceptable  to  practice  gain  in  paramount  importance. 

Differential  equations,  transfer  functions,  amplitude-phase  responses,  referred  as 
dynamic  characteristics  of  combustion,  are  generally  used  for  the  description  of  processes  of 
non-stationary  combustion.  The  preset  form  of  combustion  dynamic  characteristics  should 
imply  opportunity  for  analyzing  system  stability  both  in  time  and  frequency  domains.  The 
combustion  dynamic  characteristics  allow  calculating  the  current  values  of  the  burning  rate, 
u(t),  from  known  dependence  of  pressure  on  time,  p( t),  in  the  time  domain,  and  amplitude  - 
frequency  and  phase-frequency  responses  of  burning  rate  in  the  frequency  domain. 
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The  combustion  dynamic  characteristics  can  be  specified  in  the  form  of  either 
mathematical  models  of  non-stationary  combustion  or  relations  smoothing  results  of  a  direct 
experimental  determination  of  burning  rate  (or  some  characteristic  parameters)  under 
altering  pressure  conditions. [1] 

The  mathematical  models  of  non-stationary  combustion  are  relative  to  either  Zel’dovich- 
Novozhilov’s  phenomenological  theory  (ZN-model),12'  or  to  a  class  of  models  with  concrete 
kinetics  f3'  (FM-models).  All  of  them  require  primary  informational  supply  obtained  from 
experiments.  Unfortunately,  the  experimental  estimations  of  many  parameters  are 
characterized  by  a  wide  scatter  of  values.  This  property  at  once  calls  in  question  an 
opportunity  of  achievement  of  acceptable  accuracy  at  predicting  of  dynamic  characteristics 
of  burning  rate  using  FM-models,  since  all  of  them,  as  a  rule,  contain  a  lot  of  parameters 
determined  experimentally,  even  in  the  case  of  description  of  simplest  monopropellant 
steady-state  burning  of  cyclic  nitramines.14’  51  Using  FM-models  practically  excludes  the 
opportunity  of  system  stability  analysis  in  the  frequency  domain. 

Among  parameters  used  in  ZN-models,  the  biggest  scatter  of  experimental  estimations 
(3  t  5  %  for  double -based  propellants  and  HMX  ,6')  is  typical  for  determination  of 
temperature  of  burning  surface  (Ts).  As  a  result,  finding  derivatives  of  Ts  on  pressure 
0 ru=dTs/dp )  and  initial  temperature  ( dTs/dTo )  is  attended  with  large  errors.  Therefore,  as 
shown  in  work,  161  the  standard  error  in  determination  of  response  function  reaches  20-^50%, 
even  for  such  relatively  simple  systems  as  monopropellants.  In  the  case  of  heterogeneous 
propellants  characterized  by  much  greater  scatter  of  experimental  estimations  of  initial 
parameters,  the  standard  error  in  determination  of  the  response  function  of  burning  rate  will 
obviously  exceed  the  above  values.  To  compute  frequency  responses  within  the  framework 
of  ZN-models,  the  transfer  functions  of  burning  rate  on  pressure  are  used,  containing 
transcendental  and  irrational  expressions  in  their  structure.  Such  transfer  functions  should  be 
transformed  into  partial  differential  equations  at  transition  to  time  domain  that  essentially 
complicates  mathematical  model  of  propulsion  system.  Combined  with  a  large  error  of 
determination  of  model  parameters,  it  makes  difficult  to  find  steady  work  areas,  select 
structure  and  parameters  of  control  algorithm,  and  identify  mathematical  model  of  the 
system  by  test  results. 

The  most  reliable  information  on  dynamic  characteristics  of  solid  propellant  combustion, 
from  the  practical  point  of  view,  can  be  recovered  from  results  of  direct  experiment,  in 
which  the  synchronous  registration  of  pressure  p( z)  and  the  current  burning  front  position 
x( z)  is  carried  out  in  some  way  or  another. 

The  determination  of  the  current  burning  front  position  of  propellant  can  be  carried  out, 
for  example,  with  use  of  video-recording  method,  microwave  and  ultrasonic  techniques. f?l 
The  task  of  parametric  identification  of  burning  rate  dynamic  characteristics  by  results  of 
such  type  of  experiments  was  considered  by  the  authors  of  the  present  article  in  work.f8]  A 
model  of  non-stationary  burning  was  accepted  as  a  typical  discrete  transfer  function,  Wxp(z), 
with  constant  factors  linking  directly  measured  parameters:  pressure  and  the  burning  front 
position.  The  error  of  prediction  of  burning  rate  dynamic  characteristics  in  the  vicinity  of 
base  pressure,  p°,  using  this  approach  was  comparable  with  error  of  determination  of  the 
initial  data  (burning  front  position,  x( zj)  and  did  not  exceed  10  %. 

Use  of  structurally  simple  mathematical  expressions  gives  the  acceptable  accuracy  of 
burning  rate  prediction  only  in  the  vicinity  of  p°.  For  the  adequate  description  of  u(p(z)) 
dependence  in  a  wide  range  of  pressure,  the  factors  of  the  differential  equations  must  change 
with  pressure. 
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In  the  present  work,  a  task  of  structural  and  parametrical  identification  of  non-stationary 
combustion  model  from  family  of  differential  equations  (which  factors  generally  depend  on 
pressure)  is  examined: 


I 


i= 1  V 


r  i  \ 

a  u 
dr  y 


+  u=Tl(p)- 


dus 

dr 


+  us , 


(1) 


where  us  -  burning  rate  in  stationary  conditions;  T\,  T),  T3-  parameters  to  be  identified  from 
experimental  data. 


2.  RESULTS  AND  DISCUSSIONS 


2.1  Problem  statement 

The  task  of  structural  identification  of  the  model  of  non-stationary  combustion  consists 
in  determination  of  the  best  model  from  the  models-candidates  of  the  family  of  differential 
equations  (1).  A  model  that  satisfies  the  condition  of  adequacy  at  minimum  number  of 
parameters  is  admitted  as  the  best  one.  The  similar  approach  was  successfully  applied  by  the 
authors  at  identification  of  experimental  stationary-state  dependence  of  burning  rate  on 
pressure  with  the  use  of  exponential  functions. f9' 

The  task  of  parametric  identification  of  each  of  the  models-candidates  consists  in 
determination  of  a  vector  of  model  factors,  at  which  calculated  output  value  would  differ 
from  the  measured  one  as  small  as  possible.  In  the  given  statement  the  problem  belongs  to  a 
class  of  reverse  tasks,  and  the  presence  of  errors  at  determination  of  initial  dependences  p( r) 
and  x( t)  makes  it  incorrect  in  the  mathematical  sense.  The  incorrectness,  as  a  rule,  shows 
itself  in  the  absence  of  the  unique  solution,  or  in  its  instability.  Therefore,  is  an  urgent  task  to 
develop  a  numerical  algorithm,  which  allows  obtaining  a  steady  solution  of  the  parametric 
identification  with  acceptable-to-practice  accuracy. 

2.2  Algorithm  of  the  solution 

Let  us  define  a  set  of  models-candidates  in  the  form  of  the  differential  equations  (1)  and 
consider  a  classic  case  when  the  pressure  changes  in  the  vicinity  of  p°  and  the  factors  of  the 
equation  are  independent  from  pressure.  Then  the  family  (1)  can  be  transformed  into  the 
following  form: 
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where  p  —  p/p°  and  u  =  u/u°- 1  -  dimensionless  deviations  of  burning  rate  and 
pressure,  respectively;  p°,  x°  -  the  base  magnitudes  relative  to  which  the  deviations  are 
considered;  v-  sensitivity  of  the  burning  rate  to  pressure  (pressure  exponent);  7),  7),  J3 
parameters  of  the  transfer  function.  The  each  element  of  the  set  of  the  models-candidates  is 
defined  by  a  vector  of  parameters  T=  (7)  J2I3}  and  represents  a  concrete  model. 

In  the  frequency  domain,  expression  (la)  is  identical  to  the  family  of  continuous  rational 
transfer  functions.  Written  for  /= 2  it  is  as  follows: 


7>  +  l 

T3s~  +  T1s  + 1 


(2) 
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Expression  (2)  at  s=ico  (where  i  =  V^T,  co  -  the  circular  frequency)  gives  amplitude  of 
the  response  of  burning  rate  and  its  phase  shift.  This  expression  covers  all  forms  of  the 
equations  of  typical  transfer  functions.  If  73=0  the  described  process  has  forcing 
(differentiating)  properties  at  T\>T2,  delay  (integration)  properties  at  T\<T2,  and  we  have  a 
static  unit  with  amplification  factor  vat  T/=T?.  At  T^O,  it  is  an  oscillatory  or  aperiodic  unit 
of  the  second  order. 

Introduction  of  component  with  the  second-order  derivative  on  pressure  in  the  right  part 
of  equation  (1)  or  using  the  second  degree  polynomial  in  numerator  of  the  transfer  function 
(2)  is  inexpedient,  since  finding  the  second  derivative  of  noise  discrete  input  signal  p{  f)  is  a 
mathematically  incorrect  operation,  that  amplifies  effect  of  disturbance  interferences  and 
results  in  the  large  errors  of  parameter  identification. 

Let  us  consider  an  algorithm  of  parameter  identification  of  the  non-stationary 
combustion  model  (2).  To  avoid  differentiation  procedure  with  experimental  array  x(r),  the 
propagation  of  the  burning  front  rather  than  the  burning  rate  (as  was  done  in  work  ,S|)  has 
been  adopted  as  output  value.  Then  the  construction  of  the  dynamic  combustion  model 
consists  in  finding  a  continuous  transfer  function,  Wxp(s),  linking  directly  measured 
experimental  values:  pressure  and  the  burning  front  position.  The  following  relation  connects 
the  transfer  functions  Wxp(s)  and  Wup(s): 

KP(s)=--KP(s)  a) 

S 

In  view  of  expression  (2),  the  transfer  function  of  position  x  on  pressure  p  assumes  the  form: 


1  7>  +  l 

~'v - 5 - 

s  T3  s"  +  T2s  + 1 


(4) 


To  determine  factors  of  the  transfer  function  Wxp(s),  we  describe  dynamics  of 
combustion  in  the  vicinity  of  p  in  the  differential  form: 


T3x  +  T2x  +  x  =v-(T]p  +  p),  (5) 

with  initial  conditions  x(r0)  =  x0,  x(t0)  =  u0,  x"(t0)  =  u0,  where  x  =  x/u°-t. 

Parameters  T  =  {T\T2T2}  of  this  equation  are  ones  of  transfer  function  (4)  and  define 
dynamics  of  non-stationary  combustion. 

From  the  equation  (5)  the  expected  magnitude  of  output  signal,  x  ,  can  be  found  using 
methods  of  numerical  integration  of  the  differential  equations,  for  example,  the  Runge-Kutta 
method. f10' 

The  parameters  of  the  model  T\,  T2,  T2  are  generally  so  determined  that  value  x 
calculated  from  the  equation  (5)  differs  from  the  corresponding  measured  value  x  as  small 
as  possible.  For  this  purpose  it  is  necessary  to  minimize  criterion  function: 

N  2 

S(T)=Y;(xk-Xk)  »  (6) 

k=\ 

where  Xk  -  experimental  values  of  the  burning  surface  position  at  the  moment  of  time  z>, 
Xk  =  (x,  +rk)-  u 0 ,  xk  -  calculated  from  the  equation  (5),  N  -  number  of  measurements.  The 
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function  (residual)  characterizes  the  deviation  of  the  burning  surface  positions  calculated 
from  the  experimentally  measured  values  by  the  model  (5) 

In  the  task  of  structural  identification  of  a  non- stationary  burning  model  from  the  family 
(la)  it  is  impossible  to  preset  dimension  of  the  vector  of  model  parameters,  since  some  T,  can 
be  equal  to  zero.  In  this  case  the  task  is  reduced  to  determination  of  such  a  vector  T  = 
{Ti*T2*T3*}  that 

S(T*)  =  infS(T),  (7) 

where  TgE3  -  three-dimensional  Euclidean  space. 

Inasmuch  as  the  dimension  of  vectors  T  is  not  specified  and  it  is  impossible  to  assert  that 
function  (6)  has  the  only  minimum,  then  the  task  (7)  is  incorrectly  formulated  in  the 
mathematical  sense.  Transformation  to  a  correctly  stated  task  can  be  done  by  application  of 
regularization  procedure. fn|  Construct  a  parametric  function: 

0(T)  =  S(T)+a-n(T),  (8) 

where  a  >  0,  Q  -  stabilizing  functional,  for  example,  q(t)  =  ||r||2 ,  a  -  regularization 

parameter,  ||- 1|  -  norm  of  the  vector  in  ^-dimensional  space,  1<  n  <3.  If  S(T)  is  a  convex 

function,  and  Q  is  a  uniformly  convex  one,  then  the  function  0  will  be  also  a  uniformly 
convex  function  at  any  a  >  0.  In  this  case  the  task  of  determination  of  the  vector 
T*  e  En  satisfying  expression: 

0{t;)=m®(t),  (9) 

is  formulated  correctly  and  its  solution  T*  is  the  only  one  for  every  fixed  a. 

To  determination  T*  let  us  assume  an  ascending  sequence  of  integers,  n, 

n=  1,2,3,...  and  determine  vector  T  for  every  n  in  steady  Euclidean  (En)  space.  For  selection 
of  the  regularization  parameter,  a  residual  principle  can  be  used.  For  this  purpose  let  us 
construct  an  auxiliary  function  of  one  variable  a: 

V(a)  =  [s(T)-N-<j2],  (10) 

where  cf  -  noise  dispersion  in  experimental  values  x. 

Sequence  of  operations  to  find  values  of  function  (10)  is  as  following: 

-  T*  is  found  by  the  solution  of  an  extreme  task  (9)  with  fixed  a  and  n; 

-  the  equation  (5)  is  integrated  at  T* ; 

-  s{t:)  is  found,  substituted  in  (10),  and  i//(a)  is  calculated. 

The  optimal  regularization  parameter  a  is  selected  to  meet  the  condition: 

y/{a*^)=  inf  y/{a)  =  0,  a  >  0  (11) 

If  inf  y/  does  not  attained  zero,  the  dimension  of  En  is  to  be  increased  until  the  condition 
(11)  is  met.  The  increase  in  E"  dimension  from  n= 1  to  n= 3  means  consecutive  complication 
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of  the  model  (5)  structure  from  T=  {Ti}  to  T=  {T\,T2,Tt,}.  The  extreme  tasks  (9),  (11)  were 
solved  by  the  methods  of  the  steepest  descent  and  golden  section,  respectively.112' 

Now  let  us  consider  the  identification  algorithm  of  combustion  dynamic  characteristics 
for  the  case  when  the  pressure  varies  in  a  rather  wide  range  and  the  parameters  of  the  family 
(1)  are  pressure  dependent.  Parameters  of  the  family  (1)  can  be  presented  as: 

Ti  (7)  =  Z  a Mik  (p),  Ti  (7)  =  Z  bk(Pik  (7) ,  T3  ( p )  =  Z  ck<p3k  (7) ,  (12) 

k= 1  k= 1  k= 1 

where  {(Pjkip)}  (A=l y'=l,...3)  -  specified  system  of  basic  functions,  for  example 

k  1  3 

(Pk=p  •  After  that  a  total  vector  of  unknown  parameters  m=[m\,  m2,.. .  m{\,  L  =  Y  / . ,  can  be 

7=1 

generated.  The  task  of  parametric  identification,  as  previously,  is  reduced  to  minimization  of 
residual: 


N  z 

S(m)  =  Z(x/t  ~*k)  (13) 

k= 1 

The  task  of  structural  identification  of  non-stationary  combustion  model  from  the  family 
(1)  is  reduced  to  find  the  vector  m*  =  [m*,  m*2, ...,  m*L\  so  that: 

S(m*)  =  inf  S(m),  (14) 

m  g El  -  Euclidean  space  of  L  variables. 

The  task  (14)  is  incorrectly  formulated  in  the  mathematical  sense.  The  transformation  of 
it  into  a  correctly  formulated  task  is  carried  out  with  the  use  of  a  regularization  procedure. 
Algorithm  of  the  regularization  and  solution  of  the  correctly  formulated  task  is  similar  to  the 
above  one. 

2.3  Algorithm  testing 

The  proposed  algorithm  of  parametric  identification  of  burning  rate  dynamic 
characteristics  has  been  tested  on  a  model  example.  For  this  purpose  a  model  of  non- 
stationary  burning  (5)  with  parameters  7i=0.0882,  72=0.0133,  T3=0;  v=0.745  was  accepted 
as  the  "true"  model.  The  alteration  of  pressure  p  was  set  by  the  harmonic  law 

p  =  pQ(V  +  p{z)),  p(r)  =  sin(2  •  n  ■  Q  •  r) 

where,  /?°=1.567  MPa  is  the  base  pressure,  0=1  Hz  -  frequency  of  the  input  signal,  n=0  - 
initial  time,  zy=6  -  final  time.  The  value  base  burning  rate  u°  was  accepted  to  be  1.56  mm/s. 
Then,  the  "true"  curve  x(r)  was  computed  by  the  model  (5),  on  which  the  white  noise  z(f) 
with  zero  mathematical  expectation  and  dispersion  cr2=0.0075  was  additively  imposed.  The 
accepted  value  of  cf  was  close  to  dispersion  of  experimental  error  of  measuring  current 
values  x(z)by  the  method  of  video  registration.1'31  In  doing  so,  the  natural  disorder  of 
experimental  values  xek  -  x(rk )  +  z(rk )  around  the  true  x(  t)  was  simulated.  Dependences  of 
the  position  of  the  burning  surface  on  time  calculated  in  this  way  were  used  as  the  initial  data 
in  the  parametric  identification  task.  Hereafter  xek  values  are  called  pseudo-experimental. 

To  solve  the  task  of  parametric  identification  the  interval  of  time  1  <  <  5s,  containing 

more  than  80  pseudo -experimental  values  of  burning  surface  positions,  was  chosen.  Input 
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(p(  Tt})  and  output  (xek)  signals  were  processed  within  the  selected  time  interval  by  algorithm 
(5)  ...  (1 1).  The  results  of  identification  are  presented  in  Table  1  and  Figure  1. 


Fig  1.  Dependences  of  burning  surface  position,  burning  rate,  and  relative  change 
of  pressure  p{r )  on  time  (numerical  experiment): 

1,2-  initial  non-perturbed  position  of  the  burning  surface,  x(z),  and 
burning  rate,  u(r),  respectively;  ••  -  perturbed  "experimental"  position  xek  ; 
3  -  relative  change  of  pressure  with  time,  p(r) ; 

4,  5  -  calculated  dependences  of  the  burning  surface  position,  xc(x),  and 
burning  rate,  uc(x). 


Table  1.  Results  of  identification  of  the  model  example 


Characteristic  values 

r, 

T 

1  2 

A 

<P 

“True”  values 

0.0882 

0.0133 

0.8487 

24.22 

Identification  by  the  model  (5). .  .(1 1) 

0.0815 

0.0087 

0.8356 

23.97 

Error  of  identification,  % 

7.58 

34.24 

1.54 

1.01 

A,  tp-  amplitude  and  phase  responses  at  Q  =  1  Hz 


With  the  use  of  the  identified  values  of  parameters  the  time  dependences  of  the  burning 
surface  position,  xc(z),  and  burning  rate,  uc(r),  as  well  as  frequency  responses  of  the  burning 
rate  were  calculated,  showing  influence  of  error  of  determination  of  dynamic  parameters,  T\, 

t2. 

In  Figure  1  the  "true"  curve  x(r),  pseudo-experimental  xek  values,  true  burning  rate  u{f), 
and  burning  rate  identified  by  the  model  (5)  uc{f)  are  presented. 
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In  Figure  2  "true"  and  calculated  by  identified  model  (5)  frequency  responses  are 
presented.  The  values  of  frequency  responses  and  error  of  their  determination  are  presented 
in  Table  1. 


Fig  2.  Frequency  responses  of  the  burning  rate  (numerical  experiment): 

1  -  true  responces,  2  -  responces  calculated  from  the  identified  model  (5). 

Frequency  of  input  signal  -  1Hz. 

As  shown  in  Figure  1,  the  true  and  computed  dependences  practically  coincides  with 
each  other,  testifying  to  stability  of  the  proposed  algorithm  of  parametric  identification.  In 
the  frequency  domain,  a  good  agreement  of  "true"  and  calculated  dependences  in  the  range 
of  frequencies  Q  =  0  . . .  1  Hz  (see  Figure  2)  is  also  observed. 

Residual  dispersion  between  the  identified  position  xc(f)  and  pseudo-experimental 
values  xek  amounts  to  0.0094,  that  practically  coincides  with  the  error  of  the  initial  data 
c?= 0.01  and  indicates  to  adequacy  of  the  identified  model  to  pseudo-experimental  data. 

2.4  Experimental  examination  of  the  proposed  approach 

The  proposed  approach  has  been  used  to  study  the  dynamic  combustion  characteristics 
of  a  model  solid  propellant  with  a  low  burning  rate  (~  1  mm/s  at  pressure  10  atm)  and  high 
pressure  exponent  (v>0.7).  The  experimental  data  required  for  evaluation  of  combustion 
dynamic  characteristics  were  obtained  by  using  a  technique  based  on  video  recording  of 
combustion  process  under  oscillating  pressure  conditions. fS|  The  range  of  pressures  below  30 
atmospheres  was  investigated,  in  which  the  appearance  of  non-stationary  combustion  is  most 
probable  even  at  low  frequencies  of  pressure  oscillation.  A  typical  video  recording  time 
diagram  demonstrating  change  of  parameters  at  burning  of  model  propellant  samples  under 
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conditions  of  harmonic  pressure  oscillations  has  been  presented  in  the  work.f8'  It  is 
practically  the  same  as  the  diagram  in  the  Figure  1. 

Figure  3  presents  frequency  responses  of  burning  rate  for  the  model  propellant 
composition  obtained  from  experimental  data  with  the  use  of  algorithm  (5)  -  (11).  In  the 
Figure  also  are  shown  frequency  responses  calculated  by  ZN-model:121 


K„is)= 


V  +  S<J 


(15) 


1  -k  +  {r-kl  s)cr 

where  s  -  complex  variable;  v,  r,  p  and  k=/3(Ts-To )  -  parameters  of  ZN-model; 

x  /  r  1 

o  =  vr  -  pk ;  cr  =  .  5-1 - . 

V  4  2 


The  dependence  Ts(p)  necessary  for  calculation  by  ZN-model  was  obtained  from  data  of 
micro  thermocouple  measurements.  To  decrease  errors  of  determination  of  derivatives 
dTs/dp,  du/dp  and  du/dT0  the  experimental  data  were  smoothed  out.  The  accuracy  of 
determination  of  ZN-model  parameters  approximately  corresponded  to  that  previously 
reported  in  the  work.16'  The  dependence  of  steady-state  burning  rate  on  pressure  was 
obtained  with  the  use  of  algorithm  described  in  the  work.[9'  For  calculation  of  ZN-model 
parameters  (v,  Jd  and  p)  the  following  expressions  were  used: 


5  In  u  ^ 

T0 

f  din 

1 

/  /  - 

(  STs  'I 

^  d  In  /?  J 

{  ST„  ) 

LI 

T  -  T 

p°  A 

l^dln^J 

9 

T0 

(16) 


where  p°  and  To  -  values  of  base  pressure  and  initial  temperature.  The  derivative  dTs/dTo  (r 
parameter)  was  determined  from  the  expression: 


r  =  (Ts-T„)-Iu-  — 

V 


(17) 


As  it  is  seen  from  Figure  3,  response  functions  obtained  from  the  experimental  data  with 
the  use  of  the  proposed  algorithm  and  calculated  by  ZN-model  are  characterized  by  smooth 
increase  in  both  amplitude  and  phase  characteristics  and  demonstrate  a  qualitative  agreement 
with  each  other.  The  presence  of  the  advancing  phase  shift  as  well  as  increase  in  the 
amplitude  response  with  frequency  testify  unequivocally  to  a  non- stationary  character  of  the 
model  propellant  burning  rate  under  oscillatory  conditions  at  low  pressure.  This  is  in  a  good 
agreement  with  the  theory,  which  predicts  differentiating  properties  of  the  burning  rate  at 
low  frequencies  of  pressure  oscillations. 
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Fig  3.  Frequency  responsess  of  the  model  propellant  burning  rate: 

1  -  processing  of  experimental  data  with  the  use  of  algorithm  (5). .  .(1 1); 

2  -  responses  calculated  with  ZTV-model; 

Points  -  data  on  phase  shift  and  amplidude  characteristic  determined 

from  separate  experiments  at  different  frequencies  of  pressure  oscillation. 

Base  pressure  value  -  30  atmospheres. 

It  is  necessary,  however,  to  note  that  appreciable  quantitative  divergence  between 
response  functions  obtained  from  the  experimental  data  with  the  use  of  proposed  algorithm 
and  calculated  by  ZN-model  is  observed.  The  experimental  values  of  the  amplitude  and 
phase  characteristics  obtained  in  separate  experiments  at  various  frequencies  of  pressure 
oscillations  are  much  better  described  if  using  the  proposed  algorithm  (see  Figure  3).  It 
allows  making  a  conclusion  that  the  method  for  determination  of  combustion  dynamic 
characteristics  developed  in  the  present  work  has  the  higher  accuracy  in  both  time  and 
frequency  domains  as  compared  with  estimations  by  ZN  -  model. 
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3. 


CONCLUSIONS 


A  stable  algorithm  of  structural  and  parametric  identification  of  combustion  dynamic 
characteristics  from  the  results  of  experiments  with  registration  of  current  burning  front 
position  at  any  character  of  pressure  change  has  been  developed,  which  allows  predicting  the 
current  values  of  burning  rate  u{  f)  and  its  frequency  response  with  acceptable-to-practice 
accuracy.  Unfortunately,  the  application  of  this  algorithm  in  combination  with  technique  of 
video  registration  has  essential  restrictions.  Shortcoming  of  the  technique  is  in  that  it  allows 
obtaining  initial  experimental  data  used  for  determination  of  combustion  dynamic 
characteristics  only  in  the  low  range  of  frequencies  of  pressure  oscillations  (0.5  10  Hz). 

Non-stationary  phenomena  (phase  shifts  and  amplitude  deviations)  on  combustion  of 
practicable  propellants  and  their  components  (such  as  HMX),  which  possess  higher  burning 
rates  than  the  investigated  model  one,  can  take  place  at  higher  frequencies.  However,  the 
developed  procedure  can  be  applied  in  combination  with  all  other  techniques  of  higher 
sampling  frequency  and  accuracy  which  allow  continuous  registration  of  the  burning  front. 
Such  a  technique  can  be  created,  for  example,  on  the  basis  of  microwave  method,  which 
allows  measuring  the  burning  front  position  averaged  by  the  area  of  a  waveguide. 
Combination  of  the  microwave  method  and  video  registration  technique,  used  in  this  for 
controlling  the  burning  surface  shape,  enable  studying  combustion  dynamic  characteristics  in 
considerably  wider  (tens  of  hertz)  frequency  range.  In  this  case  the  algorithm  to  determinate 
the  combustion  dynamic  characteristics  will  remain  fully  the  same.  The  accuracy  of  dynamic 
characteristics  thus  obtained  will  correspond  to  the  accuracy  of  burning  front  position 
measurements. 

The  proposed  algorithm  can  also  be  used  for  determination  of  combustion  dynamic 
characteristics  in  a  half-closed  volume,  when  the  output  signal  is  the  burning  rate  derived, 
for  example,  from  the  solution  of  inverse  problem  of  interior  ballistics  using  results  of 
propulsion  systems  tests. 
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Abstract 

A  computer  code  has  been  developed  to  predict  heat  of  formation  based  on  two 
methodologies.  In  first  methodology,  the  logic  of  Stine  and  Kramer  method  of  predicting 
heat  of formation  has  been  used  and  extended  to  terminal  functional  groups  such  as  -OH,  - 
NH,  -NH2,  -NO 2,  -H  and  C=0.  In  the  second  methodology,  a  new  equation  for  heat  of 
formation  has  been  derived  by  merging  the  equations  of  Stine  et  al  and  Rothsetien  et  al, 
which  are  being  used  for  the  theoretical  prediction  of  velocity  of  detonation.  The  linear 
regression  coefficient  R2  =  0.9387  and  0.8358  are  obtained  for  heat  of formation  predicted 
by  this  code  and  compared  with  those  reported  in  literature,  using  methodology  I  and  II 
respectively  This  new  technique  of  predicting  heat  of  formation  from  elemental  composition 
of  HEM’s  has  been  successfully  appended  in  a  windows  based  user-friendly  software  code 
named  LOTUSES  (Linear  Output  Thermodynamic  User-friendly  Software  for  Energetic 
Systems)  developed  by  our  team.  The  LOTUSES  code  also  simultaneously  predicts 
properties  such  as  molecular  weight,  oxygen  balance,  velocity  of  detonation,  C-J  pressure, 
density,  heat  of  explosion,  relative  strength  of  an  explosive  in  comparison  to  2,4,6-trinitro 
toluene  (TNT)  as  well  as  the  possible  explosive  decomposition  products  after  explosion, 
volume  of  explosion  products  and  air  blast  effects  has  been  reported  recently  by  authors. 
The  predicted  heat  of  formation  by  LOTUSES  can  be  stored  in  various  formats  such  as  .txt, 
.htrnl,  .doc,  .pdf  and  can  be  saved  either  in  hard  disk  or  even  in  floppy  diskettes/compact 
diskette.  The  predicted  output  can  also  be  copied  into  RAM,  which  can  be  pasted  in  other 
softwares  such  as  micro  soft  word /powerpoint  etc.,.  Also  output  of  the  predicted  heat  of 
formation  can  be  heard/listen  from  speakers  attached  to  the  PC  through  multimedia  sound 
card. 

Keywords:  heat  of  formation,  predicting  explosives  performance  parameters, 

computational  modelling,  high  energetic  materials 


1.  INTRODUCTION 

One  of  the  new  trends  in  research  of  explosive  is  to  predict  the  performance  parameters  of 
high  energy  materials  (HEMs)  before  their  synthesis  which  saves  lot  of  time,  energy  and  other 
resources  for  the  individuals  working  in  search  of  HEMs  with  highest  possible  performance.  It 
is  useful  in  effective  screening  of  newly  proposed  target  molecules.  The  theoretically  predicted 
performance  parameters  give  an  idea  to  the  HEMs  scientists  and  technologists  about  the 
possible  performance  level  of  the  unknown  HEM  in  comparison  to  benchmark  known  explosive 
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in  the  event  of  its  synthesis.  Based  on  the  performance  parameters  obtained  one  can  decisively 
undertake  programme  on  synthesis  of  new  HEMs. 

One  of  the  well-known  code  currently  used  for  predicting  explosive  performance 
parameters  of  any  unknown  or  known  HEM  is  BKW  (Becker-Kistiakowsky- Wilson)  CODE. 
The  input  parameters  for  BKW  code  are  molecular  formula,  molecular  weight,  density  and  heat 
of  formation.  Authors  have  recently  developed  [1'21  a  code  named  LOTUSES  which  can 
simultaneously  predict  a  wide  range  of  HEMs  performance  parameters  such  as  molecular 
weight,  oxygen  balance,  velocity  of  detonation,  C-J  pressure,  density,  heat  of  explosion,  relative 
strength  of  an  explosive  in  comparison  to  2,4,6-trinitro  toluene  (TNT)  as  well  as  the  possible 
explosive  decomposition  products  after  explosion,  volume  of  explosion  products  and  air  blast 
effects.  Therefore  an  attempt  was  made  to  develop  computer  code,  which  can  predict  heat  of 
formation  based  on  two  methodologies.  In  the  first  methodology  the  logic  of  Stine  and  Kramer 
was  used  and  in  second  methodology  an  equation  for  predicting  heat  of  formation  has  been 
derived  by  merging  the  standard  Rothestein  et  al  and  Stine  methods.  The  code  developed  based 
on  the  above  logics  has  been  successfully  interfaced  /  appended  with  the  existing  LOTUSES 
code  to  make  it  more  versatile  and  user  friendly  in  the  explosive  performance  prediction  of 
known  /  unknown  HEMs.  Hence,  the  new  methodology  of  predicting  AHf  from  elemental 
composition  and  the  software  code  LOTUSES  will  be  of  immense  value  for  the  scientists, 
researchers,  academicians  and  technologists  working  in  the  field  of  HEMs  to  optimise  desired 
performance  parameters.  The  menu  bar  and  tool  bar  with  brief  action  of  each  tools  of  LOTUSES 
is  illustrated  in  figure- 1. 


Save 


Copy  Recycle  User  A/C  Rheology  Help  Acknow  Minimize 


Enter  Your  Empirical  Formul 


I  Enter  Your  Emprical  Formula 


Density  Code 


[Structure 


Enter  the  empirical  formula 
Select  the  mode  of  of  energetic  material 
data  entry 


Fig  1.  Menu  bar  and  tool  bar  of  newly  developed  LOTUSES  code 

Heat  of  formation  of  a  compound  is  defined  as  “the  heat  evolved  or  absorbed  when  1  gram 
mole  of  the  compound  is  formed  from  its  elements  in  the  standard  state”.  In  many  instances  it  is 
not  possible  or  not  convenient  to  determine  the  heat  of  formation  of  a  compound  experimentally 
131 .  In  most  of  the  cases,  it  is  not  possible  to  form  a  compound  from  its  elements.  For  example,  it 
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is  not  possible  to  synthesise  NG  (Nitroglycemie  -  figure  2)  from  its  elements  of  C,H,N  and  O 
as  shown  in  the  equation  1.  This  is  quite  common  in  HEMs  research  where  an  estimate  of  the 
heat  of  formation  may  be  desirable  for  performance  evaluation  before  an  extended  effort  is 
made  to  synthesize  the  compound  or  before  sufficient  material  is  available  to  make  the 
experimental  measurements  involved.  Even  when  the  compound  is  available,  a  scheme  by 
which  the  heat  of  formation  may  be  determined  may  not  have  been  formulated. 

3C+-H2+-N2+-02  ->  C3H5(N03)3  +  84  kcal  (AHf  =  -84  kcal/mol) 

2  2  2 

H 

I 

H-C-O-NO, 

I  2 

H-C-O-NO, 

I  2 

H-C-O-NCL 
I  2 

H 


Fig  2.  Nitroglycerine 

2.  METHODOLOGY  - 1 


J.R.Stine  and  J.F.Eramer  of  Los  Alamos  National  Laboratory  have  proposed  a  method  based 
on  the  structure  of  the  molecule  to  estimate  the  heat  of  formation14'.  This  method  does  not 
account  for  the  terminal  functional  groups  such  as  -OH,  C=0,  -NH,  -NO2  groups  and  hydrogen 
attached  to  aromatic  /  nonaromatic  carbon.  Authors  have  introduced  empirical  constants  for  the 
above  groups  to  obtain  heat  of  formation  and  the  entire  logic  was  converted  in  to  a  window 
based  computer  programme  and  incorporated  in  to  the  same  software  ‘LOTUSES’. 
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Fig  3.  Logic  tree  used  in  computer  programming  in  the  estimation  of  heat 
of  formation  by  Methodology  I 


Initially  database  containing  empirical  values  of  Stine&  Kramer  and  that  of  authors  was 
created.  In  Stine  &  Kramer  method,  structure  of  unknown  /  known  HEMs  was  split  into 
individual  elements  and  the  nature  of  the  bond  present  in  the  molecule  was  keyed  into 
LOTUSES  code  and  consequently  heat  of  formation  was  computed.  The  logic  tree  for  Stine  and 
Kramer  method  is  depicted  in  figure  3 . 
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3. 


METHODOLOGY  -  II 


The  proper  use  of  theoretical  estimation  of  velocity  of  detonation  by  Rothestein  et  al  and 
Stine  provides  a  new  method  of  estimating  the  heat  of  formation  of  a  HEMs.  We  have  derived 
preliminary  empirical  equation  by  merging  the  above  two  methods  to  estimate  the  heat  of 
formation.  The  merging  of  two  methods  is  illustrated  is  figure  4. 


Fig  4.  Block  diagram  representing  the  methodology  II  for  estimating  heat 
of  formation 


3.1  Rothestein  and  Petersen  method 

One  method  that  relies  only  on  the  chemical  structure  is  Rothestein  and  Petersen  method 
(1979,1981).  It  yields  values  for  D’  (D  at  the  theoretical  maximum  density)151.  A  simple, 
empirical  linear  relationship  between  detonation  velocity  at  theoretical  maximum  density  and 
factor  F  that  is  dependent  solely  upon  chemical  composition  and  structure  is  postulated  for  a 
gambi  of  ideal  C,H,N,0  type  explosives  by  L.R.Rothstein  and  R.Petersen  [6'7'.  The  factor  F  is 
expressed  as 
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nO  +  nN- 


F  =  lOOx 


nH  A  nB 

2  nO  3  1.75 

MW 


nC  nD  nE 


(1) 


D  = 


F-  0.26 
0.55 


(2) 


where  nH,  nN,  nO  are  number  of  Hydrogen,  Nitrogen  and  Oxygen  atoms  in  a 
molecule(users  need  not  to  enter  separately  in  or  software,  it  will  be  taken  from  the  empirical 
formula  entered  by  the  user),  nB  is  number  of  oxygen  atoms  in  excess  of  those  already 
available  to  form  CO2  and  H20  (users  need  not  to  enter  this  value,  our  software  automatically 
predicts  this  value),  nC  number  of  oxygen  atoms  doubly  bonded  directly  to  carbon  as  in 
carbonyl,  nD  number  of  oxygen  atoms  singly  bonded  directly  to  carbon,  nE  number  of  nitro 
groups  existing  either  as  in  a  nitrate  ester  configuration  or  as  a  nitric  acid  salt  such  as  hydrazine 
mononitrate,  A  =  1  if  the  compound  is  aromatic  otherwise  A  =  0,  G  =  0.4  for  liquid  explosive,  G 
=  0  for  solid  explosive,  F  =  factor  and  D  =  Detonation  velocity  (km/s) 

3.2  Stine  method 

A  relative  accurate  method  of  estimating  detonation  velocities  for  CHNO  explosives  only 
(Stine,  1990)  is  based  upon  using  the  atomic  composition  of  either  a  pure  or  mixed  explosive, 
along  with  the  explosive’s  density  and  heat  of  formation1^81.  In  this  method  the  explosive 
composition  is  defined  as  CaHbNcOd,  where  a,b,c  and  d  are  atomic  fractions  (i.e.,  a  is  the  number 
of  carbon  atoms  in  the  molecular  formula  divided  by  the  total  number  of  all  atoms  in  the 
molecular  formula,  etc.,) 


D  =  3. 69  + (-13. 85a +  3. 956 +  37. 74c  +  68. 1  lr/  +  0.6917A/A  ) 


f  p} 

KMj 


(3) 


3 

where  D  is  detonation  velocity  (km/s),  p  is  initial  HEMs  density  (g/cm  ),  AHf  is  the  heat  of 
formation  of  the  explosive  (kcal/mol)  and  M  is  the  molecular  or  gram  formula  weight. 


3.3  Derivation  of  equation  for  computing  Heat  of  formation 

Based  on  the  above  two  equations  authors  attempted  the  feasibility  of  deriving  an  equation 
for  calculating  heat  of  formation  by  merging  equations  (2)  and  (3).  The  various  steps  involved 
in  the  derivation  are  as  follows:  - 


On  rearranging  equation  (3) 


D-3.69  -  (-13. 85<2  +  3.95Z> +  37. 74c +  68. IE/  +  0.6917A//A 


'  P_ 

kM 


\ 

) 
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D- 3.69 


\P  ) 


=  (-13.85a  +  3.956  +  37.74c  +  68.1  l(i  +  0.6917A/7 ,) 


(D-3.69^— 


+  (l3. 85a -3.956 -37.74c- 68.  lk/)  =  +0.69 17A/7 


A/7/  = 


"(z>— 3.69/— T 

+  (l3. 85a -3. 956 -37. 74c- 68. 1  l(i) 

\p)_ 

(4) 


0.6917 


Substituting  (1)  in  (2),  we  get 


D  = 


lOOx 


~  nH  A 

nO  +  nN - 1 — 

2nO  3 


nB  nC  nD  nE 
1.75  2.5  4  5 


MW 


-G 


-0.26 


0.55 


on  substitution  of  D  in  equation  (4),  we  get 


(5) 


IOOjc 


Jr  nH  A  nB  nC  nD  nE 

_ 2/7(9  3  1.75  2.5  4  5 

MW 


-G 


-0.26 


0.55 


—  3.69 


A Hf 


+  (13.85a  -3.95  b  -  37.74c  -  68. 1  Id) 


0.6917 


(6) 


The  above  equation  (6)  is  incorporated  in  the  software  code  of  LOTUSES  and  the  way  of 
incorporation  of  above  logic  in  the  computer  programme  is  illustrated  in  a  flow  chart  form  in 
figure  5. 
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Fig  5.  Logic  tree  behind  the  computer  programming  in  estimation  of  heat 
of  formation  by  methodology  II 

Since  the  software  code  of  LOTUSES  could  predict  the  density  and  molecular  weight  of  the 
HEM’s,  the  users  need  not  to  enter  these  values  to  the  LOTUSES.  At  the  same  time,  if  the  user 
wishes  to  know  the  heat  of  formation  of  HEM’s  for  particular  required  density,  then  the  user  can 
also  give  the  density  directly  as  input  to  LOTUSES.  Hence  from  the  equation  (6)  it  is  possible  to 
estimate  the  heat  of  formation  from  elemental  composition  of  the  HEMs  by  LOTUSES. 


4.  RESULTS  AND  DISCUSSION 

The  validity  of  Stine  and  Kramer  method  extended  to  terminal  functional  groups  such  as  - 
OH,  C=0,  -NH,  -NO2  groups  and  hydrogen  attached  to  aromatic  /  nonaromatic  carbon  by 
authors  (methodology  I)  was  tested  with  88  HEMs  and  the  results  are  tabulated  in  Table  1.  A 
linear  straight  line  having  R2  as  0.9387  with  straight-line  equation  of  y  =  0.9559x  +  1.1472  was 
obtained  on  plotting  (Figure  6)  heat  of  formation  reported  in  literature  [9,1<)|  along  the  x-axis  and 
predicted  heat  of  formation  by  LOTUSES  along  the  y-axis.  The  heat  of  formation  specified  in 
Table  1  and  2  are  at  25°C  and  under  constant  volume  condition.  It  is  very  clear  from  the  bar 
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graph  (Figure  7)  that  nearly  35,  16,  10,  8,  2,  9,  8  of  test  candidates  gave  heat  of  formation  within 
the  error  limit  of  ±  10%,  ±  20%,  ±  30%,  ±  40%,  ±  50%,  ±  50  to  ±  100%  and  above  ±  100%. 

The  results  obtained  by  combination  of  Rothestein  et  al  and  Stine  (methodology  II),  which 
purely  depends  on  the  empirical  formula  of  the  molecule  are  compared  with  the  reported 
literature  values  19,101  and  are  tabulated  in  Table  2.  A  linear  straight  line  having  R2  as  0.8358 
with  straight-line  equation  of  y  =  1.2136x  -  20.244  was  obtained  on  plotting  (Figure  8)  heat  of 
formation  reported  in  literature  along  the  x-axis  and  predicted  heat  of  formation  by  LOTUSES 
along  the  y-axis. 

The  compounds  such  as  picric  acid,  trinitrobenzoic  acid,  styphnic  acid,  diazido 
dinitrophenol  (DDNP),  trinitropyridine  (TNP)  gave  predicted  heat  of  formation  with  error  limit 
of  ±  1 1  -  ±  34%.  This  method  needs  further  exhaustive  studies  by  considering  large  number  of 
compounds  having  a  wide  variety  of  functional  groups  to  arrive  at  a  concreate  conclusion. 
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Fig  6.  Experimental  vs  Predicted  heat  Fig  7.  Error  Percentage  vs  Number 

of  formation  derived  by  methodology  I  of  HEMs 


In  view  of  the  scanty  reports  on  the  availability  of  user  friendly  computer  programmes  for 
heat  of  formation  prediction,  this  work  is  an  humble  beginning  towards  the  quantitive  prediction 
of  heat  of  formation.  Further  work  is  in  progress  and  will  be  reported  elsewhere. 
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Fig  8.  Experimental  vs  Predicted  heat  of  formation  derived  by  methodology  II 

Table  1.  Comparison  of  heat  of formation  predicated  by  LOTUSES  and  reported 
in  literature  based  on  methodology  I 


SI 

No. 


Name 


Empirical 

formula 


Structure 


Heat  of  formation  (kcal/mole) 
Predicted  literature  Error% 


1  Akardite  - 1  (Diphenylurea)  Ci3H12N20 


Akardite  -  II 
(Methyldiphenylurea) 


C-|4H-|4N20 


Akardite  -  III 
(Ethyldiphenylurea) 


C15H16N20 


C2H5 


Bi-trinitro  ethyl  nitramine 
(BTNENA) 


C4H4N8O-14 


no2 

o2n-c-no2 

ch2 

o2n-n 

ch2 

o2n-c-no2 

no2 


-17.18  -22.3  22.82 


-13.68  -17.7  22.58 


-19.71  -27.9  29.31 


1.481  1.2  -23.43 
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Name 


Empirical 

formula 


Structure 


Heat  of  formation  (kcal/mole) 
Predicted  literature  Error% 


5  Bi-trinitroethylurea  (BTNEU)  CsHeNsO-i 


H  CH,— C-NO, 

\  /  2  I  2 

N  NO, 

I 

o=c 

I 

N  NO, 

/  \  I 

H  CH,— C-NO, 


-55.04  -64.9  15.2 


6  Butanediol  dinitrate 


C4H8N2O6 


CH,  — CH,— O  — NO, 


-69.17  -70  1.224 


7  Butanetriol  trinitrate,  BTTN  C4H7N3O9 


CH  — O-NO, 


-84.56  -88.5  4.428 


ch2-o-no2 

CH,  O 


8  Camphor 


CioHibO 


H,C — ( — CH, 


-79.62  -73.1  -8.967 


n  Centralite  I  (Diethyl  diphenyl  _  u  . ,  _ 
9  urea)  C17H20N2O 


^  Centralite  II  (Dimethyl 
u  diphenyl  urea) 


c15h16n2o 


„ „  Centralite  III  (Diethyl  diphenyl  ~ 

11  urea)  C16H18N20 


12  Cyclonite  (RDX) 


C3H6N6O6 


.X) 


/  nc2h5 

\  /C2H5 

N 


<0 

CH3 

/CH3 

r 

X) 

„X) 


N' 

/  C2H5 

\  xch3 

N 


02N  XC\  /N°2 

N  N 

I  I 

h2cx  ch2 

I 

NO, 


-23.98  -29.1  17.56 


-11.93  -11.9  -0.403 


-17.95  -18.4  2.313 


16.41  19.73  16.82 
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SI 

No. 


Name 


Empirical 

formula 


13  Cyclotrimethylene  C3H6N603 

trinitrosamine 


Structure 


Heat  of  formation  (kcal/mole) 
Predicted  literature  Error% 


on  /2C\  .no 

I  I 

h2c  ch2 

NO 


45.51  70.44  35.4 


14  Diamyl  phthalate 


Ci8H2604 


15  Diazido  dinitrophenol  (DDNP)  C6H2N4O5 


16  Dibutyl  phthalate 


17  Diethyleneglycol  dinitrate 
(DBP) 


18  Dimethylhydrazine  (DMH) 


\\ 


C16H22O4 


C4H8N2O7 


,C-0  —  (CH2)3-CH3 


O  (CH2)3  CH3 

°ch2-o-no2 

ch2 

I 

o 

I 

CH, 


C2H8N; 


CH,  -  O  -  NO, 


/ 


CH, 


H,N —  N 


CH, 


19  Dingu 


20  Sorguyl 


C4H4N6O0 


C4H2N8O-10 


H  N02 

N  — CH  — N 

o=c  |  c=o 

N  — CH  — N 


N02  H 

NO,  NO, 

I  I 

N — CH— N 

■  I  ■ 

o=c  c=o 

I  I  I 

N — CH— N 

I  I 

no2  no2 


-205.1  -210  2.369 


67.8479.66  14.84 


-193.9  -194  -0.118 


-93.8  -94.4  0.606 


9.399  14.63  35.75 


-104.4  -77  -35.6 


-98.37  -63.8  -54.17 


21  Dinitrobenzene 


CKH4N2O4 


7.853  11.74  33.11 


SI 

No. 


Name 


Empirical 

formula 


Structure 


Heat  of  formation  (kcal/mole) 
Predicted  literature  Error% 


22  Dinitro  diphenylamine 

C12H9N3O4 


„„  Dinitrodimethyloxamide  C4H6N406 
(DNDMOA) 


36.89  10.14  -263.8 

N02 

o=c-n-ch3 

|  -101.1  -68.4  -47.95 

0  =  C-N-CH3 

1  J 

N02 
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No. 


Name 


Empirical 

formula 


Structure 


Heat  of  formation  (kcal/mole) 
Predicted  literature  Error% 


Dipentaerythrotol  hexanitrate,  C10H16N6O 
DPEHN  19 


32  Diphenylamine,  DPA  C12H-nN 


33  Diphenyl  urethane  C15H15N02 


ch2ono2  ch2ono2 

I  I 

o2noch2— c-ch2-o-ch2-c— ch2ono2 
ch2ono2  ch2ono2 


OtO 


34  Ethriol  trinitrate  (TMPTN) 


35  Ethylenedinitramine  (EDNA) 

36  Ethylnitrate 

37  Ethyl  phenyl  urethane 


38  Ethyl  picrate 


39  Ethyl  tetryl 


40  Heptryl 


C6H-11N3O9 


C2H6N4O4 


c2h5no3 


C-hH15N02 


C8H7N3O7 


C8H7N5O8 


Ci0H8N8 

O17 


ch2ono2 
h2c— nhno2 


ch3  -ch2— o — no2 

C,H. 


o=C/  ^  / 


\ 


0-C,H„ 


^2^5 

o 


o2noch2 — c-ch2ono2 


-194.1 

-208 

6.638 

50.64 

42.75 

-18.46 

-18.47 

-61.8 

70.1 

-94.15 

-104 

9.721 

16.71 

-20.5 

181.6 

-38.41 

-41.6 

7.75 

-124 

-105 

-17.59 

-47.75  -43.9  -8.869 


18.02  5.92  -204.4 


-59.64  -57.3  -4.024 
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SI 

No. 


Name 


Empirical 

formula 


Structure 


Heat  of  formation  (kcal/mole) 
Predicted  literature  Error% 


41  Hexamethylene  triperoxide 
diamine 


Hexanitro  diphenyl  amine 
(HEXYL) 


43  Hexanitroethane  (HNE) 


Hexanitro  hexaaza 
isowurtzitane  (CL20) 


C6H-12N2O6 

C12H5N7O1 

2 

C2N6O-12 

CeHgN^Oi 


ch2— o— o— ch2 
/  \ 


45  Hexanitrostilbene  (HNS) 


46  Hydrazine 


C^HeNgOi 


H4N2 


CH20N02 


47  Mannitol  hexanitrate  (MHN)  C6H8N60i8 


48  orthodinitrobenzene  C6H4N204 


(CH0N02)4 

ch2ono2 


no2 


49  Methyl  nitrate 


50  Methyl  phenyl  urethane 


CH2-0-N02 

51  Metriol  trinitrate  (MTN)  C5H9N309  CH3— C-CH2-0-N02 

CH2-0-N02 


-56.44 

-80.1 

29.54 

6.483 

14.01 

53.73 

4.027 

24.33 

83.45 

89.03 

89.91 

0.98 

14.25 

20.9 

31.8 

24.52 

13.88 

-76.65 

-154.4 

-152 

-1.567 

4.125 

4.11 

-0.358 

-31.11 

-34.8 

10.68 

-97.81 

-96.5 

-1.4 

-88.54 

-86.7 

-2.151 

216 


SI 

No. 


Name 


Empirical 

formula 


Structure 


Heat  of  formation  (kcal/mole) 
Predicted  literature  Error% 


52  Nitroaminoguanidine 

ch5n5o2 

HN=C 

NH-NH, 

/ 

\ 

nhno2 

8.869 

8.85 

-0.215 

53  Nitroethane 

c2h5no2 

ch3- 

-ch2-no2 

-21.74 

-30.8 

29.4 

h2c- 

-0- no2 

54  Nitroglycerine  (NG) 

C3H5N3O9 

HC- 

-o-no2 

-78.95 

-79.9 

1.146 

H2C- 

-o-no2 

h2c 

:-o-no2 

55  Nitroglycol  (EGDN) 

c2h4n2o6 

-48.64 

-50.8 

4.329 

h2c-o-no2 

56  Nitroguanidine  (NQ) 

ch4n4o2 

HN  = 

nh2 

/ 

=c 

\ 

nhno2 

-24.38 

-19.6 

-24.24 

„  Nitroisobutyl  glycerol  trinitrate  ~  K .  ~ 
57  (NIBTN)  C4H6N4011 


h2c-o-no2 


o2n-c-ch2  -o-no2 


h2c-o-no2 


-54.57  -48.4  -12.78 


58  Nitromethane 


CH3NO2 


H — C — N02 

1 


-15.72  -19.5  19.4 


59  Nitrotoluene 


60  Nitrourea 


C7H7N02 


CH3N3O3 


o=c 


\ 


NH; 

NO, 


2.932  2.56  -14.55 


-60.42  -61.5  1.761 


61  Octogen,  HMX 


C4H8N808 


H2C  —  N  —  CH2 

1  1 

o2n-n  n-no2 

I  I 

H,C  —  N  —  CH, 


37.5  28.68  -30.74 


NO, 
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No. 
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Empirical 

formula 


Structure 


Heat  of  formation  (kcal/mole) 
Predicted  literature  Error% 


R9  Pentaerythritol  trinitrate 
bZ  (PETRIN) 


ch2-o-no2 

C5H9N3O10  H0-CH2-C-CH2-0-N02  .127.5  -127 

ch2-o-no2 


„„  Pentaerythritol  tetrainitrate 
(PETN) 


64  Picramic  acid 


CH2-0-N02 

| 

C5H8N4012  o2n-o-ch2-c  —  ch2-o-no2 
ch2-o-no2 

OH 

02N 

C6H5N305 

no2 


-103.9  -114 


-36.28  -55.6 


65  Picric  acid 


66  Propylene  glycol  dinitrate 


67  Propyl  nitrate 


68  Styphnic  acid 


Tetranitrobenzo-1 ,3a, 4, 6a- 
tetrazapentalene  (Tacot) 


C3H6N2O6 


CHo 

I 

CH— O — N02 

I 

ch2  -o — no2 


c3h7no3 


C6H3N306 


C12H4N808 


ch3 

I 

ch2 

I 

ch2 

I 

o 

I 

no2 


OH 


-63.57 


-44.02 


-81.69 


93.34 


-62.2 


-47.8 


-99.7 


115.7 


-0.006 


8.75 


34.7 


17.77 


-2.162 


7.984 


18.09 


19.34 


SI 

No. 


Name 


Empirical 

formula 


Structure 


Heat  of  formation  (kcal/mole) 
Predicted  literature  Error% 


OoN  CH, 
2  \  /  3 
N 


75  Tetryl 


C7H5N508 


76  2,4,6-Trinitotoluene  (TNT)  C7H5N3O6 


2, 4, -Toluene  Diisocyanate  ~  M  ~ 

(TDI)  Ugn6lN2U2 


65.81  13.43  -390 


-4.528  -6.06  25.27 


7.192  0.96  -649.2 
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Empirical 

formula 
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Heat  of  formation  (kcal/mole) 
Predicted  literature  Error% 


82  1,3,3-Trinitroazetidine  (TNAZ)  C3H4N4O6 


83  1,3,5-Trinitrobenzene  C6H3N306 


84  Trinitrobenzoic  acid 


-1.162  -12.5  90.72 


-133.8  -132  -1.367 


2.361  -13.7  117.3 


-32.7  -32.2  -1.659 


-1.591  6.24  125.5 


4.123  4.85  14.99 


-88.24  -92.2  4.254 
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No. 
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Empirical 

formula 


Structure 


Heat  of  formation  (kcal/mole) 
Predicted  literature  Error% 


Table  2  Comparison  of  heat  of  formation  predicated  by  LOTUSES  and  reported  in  literature 
based  on  methodology  II _ 


SI 

No 

Name 

Formula 

Density  Heat  of  formation  (kcal/mole) 
(9/cm3)  Predicted  literature  Error% 

1 

1 ,3,5-T  riamino-2, 4,6- 
trinitrobenzene  (TATB) 

CeHeNeOe 

1.93 

-25.68 

-12.5 

-105.17 

2 

Trinitroanisole 

C7H5N3O7 

1.61 

-62.27 

-32.2 

-93.56 

3 

Ethylenedinitramine 

(EDNA) 

C2H6N4O4 

175 

-33.56 

-20.5 

-63.99 

4 

Ethriol  trinitrate  (TMPTN)  C6H11N3O9 

1.48 

-170.97 

-104 

-63.94 

5 

2,4,6-Trinitrocresol 

C7H5N3O7 

1.68 

-90.56 

-55.9 

-62.15 

6 

Dioxyethylnitramine 
dinitrate,  DINA 

C4H8N4O8 

1.67 

-89.85 

-55.6 

-61.60 

7 

Dingu 

C4H4N6O6 

1.98 

-123.87 

-77 

-60.87 

8 

Dinitrodioxy  ethyloxamide 
dinitrate  (NENO) 

C6HsN60i2 

1.72 

-164.29 

-108 

-51.70 

9 

T rinitrophenoxethylnitrate  C8H6N4O10 

1.68 

-91.48 

-60.4 

-51.52 

10 

Cyclotrimethylene 

trinitrosamine 

C3H6N6O3 

1.5 

106.27 

70.44 

-50.87 
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SI  Density  Heat  of  formation  (kcal/mole) 

M  Name  Formula  ,  ,  3\ 

No  (g/cm  )  Predicted  literature  Error% 


. .  Dipentaerythrotol 
hexanitrate  (DPEHN) 

CioHieNeOig 

1.63 

-295.32 

-208 

-42.07 

12  Nitroguanidine  (NQ) 

CH4N4O2 

1.76 

-27.14 

-19.6 

-38.35 

13  Picric  acid 

C6H3N3O7 

1.767 

-62.18 

-47.4 

-31.24 

14  Trinitrobenzoic  acid 

C7H2N3O7 

1.54 

-102.42 

-92.2 

-11.14 

15  Styphnicacid 

C6H3N3O6 

1.83 

-83.54 

-99.7 

16.22 

16  Diazido  dinitrophenol 

C6H2N4O5 

1.63 

54.88 

79.66 

31.09 

17  Trinitropyridine  (TNP) 

C5H2N4O6 

1.77 

61.47 

93.56 

34.29 

18  Nitrourea 

CH3N3O3 

1.69 

-37.09 

-61.5 

39.68 

19  Octogen,  HMX 

C4H8N8O8 

1.902 

15.11 

28.68 

47.29 

Hexanitro  hexaaza 

U  isowurtzitane  (CL20) 

C6H6N12O12 

2.04 

43.31 

89.91 

51.82 

Bi-trinitroethylurea 

(BTNEU) 

C5H6N8O13 

1.861 

-22.50 

-64.9 

65.32 

5.  CONCLUSION 

In  the  HEMs  community  there  is  considerable  interest  to  design  exotic  high-performance 
molecules.  This  paper  presents,  one  aspect  of  estimating  the  heat  of  formation  of  HEMs  to 
predict  performance  level.  A  method  to  predict  the  heat  of  formation  of  CHNO  type  HEMs  as  a 
function  of  elemental  composition  has  been  developed  and  appended  in  a  windows  based 
software  code.  The  Stine  et  al  method  of  predicting  heat  of  formation  as  a  function  of  structural 
information  has  been  extended  to  terminal  group  such  as  -OH,  -NH,  -NH2,  -N02,  -H,  C=0  in  the 
present  work.  The  linear  regression  coefficient  R“  =  0.9387  and  0.8358  are  obtained  for  heat  of 
formation  predicted  by  LOTUSES  vs  reported  in  literature,  using  methodology  I  and  II 
respectively.  It  reflects  that  the  predicted  values  by  methodology  I  are  in  close  agreement  with 
heat  of  formation  as  reported  in  literature.  However  further  refinement  of  computer  code  is  in 
progress  to  achieve  higher  accuracy  in  the  prediction  of  heat  of  formation.  The  estimation  of 
heat  of  formation  using  LOTUSES  will  be  useful  for  designing  possible  high-energy  molecules 
based  on  the  constituent  values.  That  is,  constituents  with  highly  negative  heat  of  formation  can 
be  ruled  out  early  on  in  the  design  stage  of  the  molecule,  and  hence  substantially  reduce  the 
number  of  molecular  possibilities  that  must  be  further  examined. 
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Abstract: 

Although  a  contamination  of  sites  by  TNT  is  an  environmental  problem  all  over  the 
world,  the  fate  of  its  degradation  products  claims  attention  as  well.  A  study  of 
metabolism  of  TNT  in  plants  was  focused  on  degradation  of  4-amino-2,6-dinitrotoluene 
(4-ADNT),  a  stable  degradation  product.  Two  plant  species  Senecio  jacobea  and 
Buphthalmum  salicifolium  cultivated  under  in  vitro  conditions  in  the  presence  of 
different  concentration  of  4-ADNT  for  3  weeks.  The  highest  concentration  50  mg/l  of  4- 
ADNT  was  degraded  by  plants  within  two  weeks  but  any  major  degradation  product  was 
not  detected  in  the  medium.  The  IC50  was  not  determined  in  the  range  of  used 
concentration  therefore  a  linear  regression  was  used  for  prediction  of  the  IC50  and 
61,8  mg/l  and  70,2  mg/l  were  calculated  for  S.  jacobea  and  B.  salicifolium,  respectively. 

Keywords:  TNT,  ADNT,  phytoremediation,  biodegradation,  plant  metabolism 


1.  INTRODUCTION 

As  a  result  of  munitions  production  and  storage,  2,4,6-trinitrotoluene  (TNT)  and  its 
byproducts  are  widespread  and  persistent  contaminants  of  soil  and  groundwater  at  a  number 
of  government  facilities.  Since  it  is  toxic  and  poses  a  serious  environmental  risk  111 , 
contaminated  soil  and  water  are  currently  being  remediated.  During  the  evaluation  of  re¬ 
mediation  processes,  phytoremediation  has  been  identified  as  a  viable  low-cost  option  for  the 
cleanup  of  TNT-contaminated  media  |2, 31 .  The  TNT  is  covalently  bound  in  the  soil  and  TNT 
transformation  products  to  plant  derived  organic  matter  is  mediated  by  alkylation  and 
acetylation  reactions,  rather  than  by  1,4  addition  of  TNT-derived  nitrogenous  groups  to 
quinones  of  the  humic  material.  The  mechanisms  for  the  formation  of  amide  bonds  during 
the  transformation  of  TNT  in  soils  lead  to  accumulation  of  macromolecular  polyamide-type 
structures  [4'. 

A  metabolism  of  TNT  is  intensively  studied  to  better  understand  degradation  processes 
in  plants  f5'7'.  Phytoremediation  of  TNT  represents  an  alternative  technology  for  cleaning  of 
the  environment  at  sites  contaminated  by  nitroaromatic  compounds.  The  efficiency  of 
degradation  of  TNT  is  affected  by  toxicity  of  TNT  and  its  degradation  products  to  plant  itself 
and  by  bioavailability. 

In  our  study  we  focused  on  the  degradation  of  one  of  the  first  stable  identified 
degradation  product  -  4-aminodinitrotoluene  by  two  plant  species  widely  growing  in  sandy 
or  nutrient/humus  poor  soil  typical  for  the  areas  of  ammunition  factories. 
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2. 


MATERIAL  AND  METHODS 


2.1  Plant  material 

The  plant  material  was  collected  on  the  base  of  Czech  -  Germany  cooperation.  The 
species  of  Senecio  jacobea  (ragweed)  and  Buphthalmum  salicifolium  (ox  eye)  were  found  at 
a  site  of  former  ammunition  factory  contaminated  by  TNT  and  the  seeds  were  harvested.  The 
seeds  of  both  plant  species  were  surface  sterilized  and  sawn  on  the  agar-solidified  Murashige 
and  Skoog  [S|  medium  cultivated  on  liquid  medium  prepared  according  to  and  supplemented 
with  phytohormone  6-benzylaminopurine  (BAP,  5  mg/1).  The  formation  of  roots  was 
initiated  on  a  hormone-free  medium.  The  plants  were  subcultured  every  4-5  weeks  on  a  fresh 
medium. 

2.2  HPLC  analysis 

The  content  of  TNT  and  its  degradation  products  was  analyzed  by  High  Performance 
Liquid  Chromatography  (HPLC).  The  sample  of  20  pi  was  separated  on  stainless  steel 
column  (250x4  mm)  packed  by  reverse  phase  Si-Ci8  (size:  7  pm;  Biosphere,  Labio  Praha, 
CZ)  using  a  linear  gradient  of  mobile  phases  (10->100%  methanol  in  40  min).  The 
concentration  of  known  compounds  was  calculated  from  particular  peak  areas  integrated 
from  chromatogram  at  230  nm  141 . 

3.  RESULTS  AND  DISSCUSION 

The  selected  plant  species  of  S.  jacobea  and  B.  salicifolium  degraded  4-amino-2,6- 
dinitrotoluene  (4-ADNT)  of  concentration  of  50  mg/1  in  vitro  within  2  weeks  (Fig.  1). 
4-ADNT  is  less  soluble  than  the  parent  TNT  in  water.  The  concentration  inhibiting  the 
growth  in  50%  (IC50)  was  not  reached  therefore  IC50  was  predicted  according  to  a  linear 
regression  from  values  shown  in  the  Table  1.  4-ADNT  inhibited  growth  of  S.  jacobea  and  B. 
salicifolium  at  concentration  of  61,8  mg/1  and  70,2  mg/1,  respectively. 


a)  b) 


Fig  1.  Degradation  of  4-ADNT  by  ragweed  (S.  jacobea )  and  ox  eye  ( B . 

salicifolium )  in  vitro.  A  decrease  of  4-ADNT  in  the  medium  was 
determined  by  HPLC. 
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Table  1.  The  effect  of  4-ADNT  at  different  concentration  on  the  biomass  production. 

Growth  values  (GV)  were  calculated  according  to  equation  GV=(wrwo)/wo 
where  wo  is  inoculum  and  wt  is  biomass  in  3  weeks. 


ADNT 

GV 

GV 

[mg/11 

{B.  salicifolium ) 

(S.  jacobea ) 

0 

4,99 

17,72 

5 

7,15 

6,80 

20 

11,22 

15,66 

50 

8,64 

10,38 

The  ability  of  selected  wild  plants  to  degrade  4-ADNT  can  be  used  up  for  searching  of 
responsible  enzymes  participating  degradation  of  TNT  and  its  subsequent  degradation 
products.  The  genes  encoding  appropriate  participating  enzymes  can  be  further  used  up  for 
construction  of  genetically  modified  plants  naturally  having  higher  biomass  production 
capacity  than  shrub  as  S.  Jacobea  and  B.  Salicifolium  appears. 
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ADAPTATION  OF  TEMCLEV  SYSTEM  TO  FIRE  AND  EXPLOSION 
HAZARD  ASSESSMENT  IN  MANUFACTURING  OF  EXPLOSIVES 
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Instytut  Przemyslu  Organicznego,  Annopol  6,  03-236  Warszawa,  Poland 


Abstract: 

The  main  assumptions  of  a  new  research-technical  project  have  been  presented,  which 
aim  is  to  adapt  the  system  of  evaluation  and  classification  the  process  hazards  in 
chemical  industry,  called  shortly  Temclev,  to  the  specificity  of  manufacturing  of 
explosives.  A  brief  description  of  the  original  Temclev  system  has  been  given  as  well  as 
a  direction  of  its  transformation  into  a  new  version  -  Temclev-Ex. 

Keywords:  explosion-fire  hazard  ranking,  risk  assessment, 

explosives  manufacturing 


1.  INTRODUCTION 

The  problems  connected  with  an  assurance  of  industrial  production  safety  are  growing 
up  with  development  of  technology,  which  parameters  of  run  are  coming  closer  and  closer  to 
the  critical  conditions.  It  is  particularly  important  on  the  area  of  manufacturing  of  explosives 
(HE). 

This  project  is  dedicated  to  enlarging  “The  system  of  identification,  evaluation  and 

classification  the  process  hazards  in  chemical  industry”  called  shortly  from  its  English  name 

Temclev  ,1"5',  with  problems  connected  to  identification,  evaluation  and  classification  the 

process  hazards  in  manufacturing  explosives  and  pyrotechnics.  It  is  a  very  specific  industrial 

branch,  exposed  to  risk  of  explosions  and  fires  on  every  stage  of  manufacturing  process  as 

well  as  during  storage  the  final  products.  The  original  Temclev  method,  elaborated  at  the 

frames  of  research  project  PBZ  03807  sponsored  by  the  State  Committee  for  Scientific 

Research  in  the  years  1996-1998,  did  not  covered  such  problems.  However  the  requirements 

of  environmental  protection  and  labor  protection,  which  dictate  a  risk  assessment  of  the 

operated  processes,  effect  a  need  of  an  individual  and  collective  hazard  assessment  at  work 

process  as  well  as  an  assessment  of  risk  level  caused  by  the  given  plant  for  its  surroundings 
[6-10] 

It  has  been  assumed,  that  for  doing  such  an  assessment,  the  new,  specific  for  HE,  indices 
of  the  process  hazards  should  be  elaborated.  Such  indices  should  take  into  account  material 
properties,  types  of  technological  processes,  apparatuses  and  devices  used,  safety  measures, 
supervising  and  organizational  actions.  In  practice  it  will  be  a  quite  new  subsystem 
connected  with  the  standardized  methods  of  explosives  testing,  a  way  of  evaluation  their 
physicochemical  and  functional  properties  as  well  as  with  legislation  (national  and  EU) 
regarding  manufacturing,,  storage,  handling  and  using  HE  on  the  civil  and  military  area. 
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2. 


A  BRIEF  DESCRIPTION  OF  TEMCLEV  SYSTEM 


Fire  and  explosive  properties  of  processed  substances  (media)  are  in  Temclev  system 
the  basic  criteria  for  hazard  evaluation.  They  give  an  elementary  level  of  potential  hazard 
accumulated  in  those  materials,  which  may  cause  a  fire  or  explosion  hazard  on  a  process 
plant.  This  has  been  expressed  by  the  mathematic  formula  below,  given  for  a  conventional 
description  of  the  process  hazard  level  of  a  “process  unit”  being  evaluated. 

ZP  =  [(w  +  p)]  •  s  -  (t/tzab  )  (1) 

where  P  -  fire  index,  W  -  explosion  index,  T  -  technological  index, 

S  -  specific  material  properties  index,  TZAR-  protection  index. 

The  value  of  ZP  index  is  a  resultant  of  two  parts  coming  from  dangerous  media 
properties  and  process  conditions.  Proposed  mathematical  equation  is  easy  and  shows  clearly 
all  the  elements  of  process  hazard. 

The  equation  (1)  is  based  on,  coming  from  calculus  of  probability,  so  called  „logical 
product”  of  two  components.  Material  component  of  hazard  [(P+W)S]  and  process 
component  (T/TZab)-  To  occur  a  potential  hazard  state  in  a  given  industrial  process  both  of 
the  components  mentioned  above  must  be  present  simultaneously.  That  means:  dangerous 
media  (combustible  substances,  explosive  atmospheres,  oxidizing  agents,  etc.)  and  generated 
by  a  process  itself  the  strong  enough  stimuli,  which  activate  the  properties  of  media  used. 
Using  the  proposed  formula  (1)  it  is  easy  to  realize  and  proof  mutual  interactions  of  the 
process  components  and  to  take  satisfactory  corrective  and  protective  measures  for  all 
elements  of  danger. 

Decreasing  a  ZP  value  may  be  effected  by  decreasing  the  material  indices  values 
(exchanging  media  into  less  dangerous,  adding  inert  materials  not  changing  the  final 
properties  of  a  product)  and/or  decreasing  the  process  hazard  indices  (changes  of  process 
conditions,  devices,  using  more  or  better  safety  measures,  process  monitoring,  computer 
control  etc.). 

2.1  Material  hazard  indices 

The  fire  index,  P,  has  been  constructed  with  taking  into  account  the  heat  of  combustion  of 
a  substance  and  a  certain,  characteristic  temperature.  For  combustible  gases  it  is  self-ignition 
temperature,  for  combustible  liquids  -  its  flash  point  and  for  combustible  solids  in  dust, 
powder  or  granular  form  -  ignition  temperature  of  their  volatile  thermal  decomposition 
products. 

The  explosion  index,  W,  has  been  constructed  with  taking  into  account  a  minimum 
ignition  energy  and  a  range  of  explosibility  (UEL  -  LEL,  expressed  in  v/v%)  of  given  gas  or 
vapour.  For  dust-air  mixtures  only  the  lower  explosion  limits  (LEL,  expressed  in  g/m  )  have 
been  used. 

The  sum  of  indices  P  and  W  has  been  enlarged  of  a  value  of  specific  material  index  S. 
This  index  has  been  constructed  with  taking  into  account  thermal  stability  (si)  of  substances, 
their  reactivity  (S2)  and  oral  toxicity  on  inhalation  (S3).  It  shows  the  influence  of  those 
properties  on  increasing  the  fire-explosion  hazard  level  and  on  troubles  in  brake-down 
fighting.  The  construction  of  all  indices  has  been  described  in  details  in  ,1_  \ 
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2.2  Process  hazard  indices 

An  assumption  has  been  made  that  processing  a  substance  causes  hazard  increasing. 
Dangerous  properties  of  processed  media  may  be  activated  in  running  process.  In  the  given 
equation  (1)  that  role  plays  technological  index  T.  It  has  been  constructed  using  numerical 
notes  given  for: 

I.  General  characteristics  of  a  process  (operation)  -  TO.  In  this  group  the 
information  about  dangerous  material,  process/operation  type,  a  way  of  acting, 
devices/apparatuses  used  and  process/operation  parameters  have  been  taken  into 
account. 

II.  Detailed  characteristics  such  unit  operations  -  TF,  as:  storage,  transport, 
supplying,  emptying,  dosage,  mixing,  distribution,  sorting,  pumping,  compression, 
heating,  mass  transfer  operations  and  others. 

III.  Chemical  process  characteristics  -  TP.  In  this  group  all  chemical  processes  have 
been  divided  in  the  respect  of  thermal  effect,  system  homogeneity,  catalytic  agent 
presence  and  reaction  phase  (gaseous,  liquid,  solid,  mono  and  multi-phase). 

IV.  Specific  hazards  characteristics  -  TS.  In  this  group  such  information  have  been 
taken  into  account  as:  plant  area,  apparatuses  height,  potential  emission  sources, 
corrosion,  static  electricity,  extremely  difficult  processes,  fire  and/or  explosion 
zone  presence,  processes  in  explosive  range  and  many  others. 

The  use  of  protective  measures  decreases  process  hazard  level.  According  to  equation 
(1)  resultant  note  is  diminished  Tzab  note.  The  index  Tzab  is  very  important  in  the  system.  It 
shows  the  areas  where  a  hazard  should  be  reduced  and  helps  acting  in  that  direction.  In  the 
range  of  using  protective  measures,  which  may  be  technical,  technological  and 
organizational,  any  selected  unit  should  be  analyzed  in  4  thematic  groups: 

I.  Monitoring  emergency  states  -  KS.  In  this  group  checking  of  fixed  values  of 
process  parameters,  sensors  presence,  alarm  systems,  automatic  block  systems, 
computer  control  and  others  have  been  taken  into  account. 

II.  Failure’s  preventive  measures  -  ZA,  including:  automatic  control,  protective 
atmosphere,  fire  extinguishing  agents,  construction  material  used,  apparatuses  design 
and  so. 

III.  Emergency  systems  and  control  -  SA,  including:  cut-off  valves,  draining  valves, 
safety  valves,  explosion  suppression  systems,  fire  fighting  systems,  flame  arrestors, 
water  supplying  systems,  water  sprinklers  and  curtains,  cooling  systems,  safety  shut 
down  systems,  smoke  ventilation  and  many  others. 

IV.  Organization  and  safety  management  -  DO.  In  this  group  operating  instructions, 
safety  management,  safety  audits  and  training,  plant  supervision,  cooperation  with 
fire-brigade  and  others  have  been  taken  into  account. 

3.  ASSUMPTIONS  TAKEN  FOR  TEMCLEV-EX 

An  assumption  has  been  taken  that,  keeping  former  segment  construction  of  the  system, 
the  new  material  indices  and  above  described  types  of  process  indices  for  HE  shall  be 
created.  A  new  evaluation  path  for  HE  technologies  shall  be  elaborated,  giving  a  subsystem 
called  Temclev-Ex.  All  the  indices  shall  be  computed  in  the  same  way  as  in  original 
Temclev  system  using  tables  with  notes.  A  new  “Evaluation  manual”  for  different  kinds  of 
HE  manufacturing  processes  shall  be  prepared  and  edited 
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The  authors  of  this  paper  foresee  an  addition  a  fully  new  segment  to  the  subsystem, 
concerning  a  risk  level  assessment  in  HE  manufacturing.  They  are  going  to  use  for  this 
purpose  the  modified  “Risk  Score”  method  -  adopted  to  the  process  conditions,  called 
“PRAM”  1  '.  The  well  known  foreign  ranking  systems  used  in  western  industrialized 
countries  f12,131  have  not  such  a  segment. 

One  of  the  very  important  parts  of  the  project  is  a  software  for  rapid  evaluation  of 
process  hazards.  Such  a  functional  tool  is  required  by  industrial  technical  staff  and  without  it 
any  -  even  the  best  -evaluation  system  has  no  chance  for  practical  application  in  modem 
industry.  A  basis  for  such  a  complex  software  shall  be  “Temclev-Ocena”  ,4'.  This  is  a 
software  written  for  Temclev  system,  but  for  new  applying  it  needs  many  changes  and  a  new 
line  of  approach.  The  new  software  has  to  be  “user-friendly”  and  offer  the  user  useful 
“system  help”  and  links  to  important  data  bases. 

4.  PROPOSED  DIRECTIONS  OF  TEMCLEV  SYSTEM 
TRANSFORMATION 

Primary  proposal  for  transformation  the  equation  describing  a  hazard  level  of  a  process 
unit  ZP  in  Temclev-Ex  for  manufacturing  and  processing  explosives  presents  as  follow: 


ZPex  =  [(ARw+BR2)-SJ-(T/Tzab) 


(2) 


where:  A,  B  -  the  notes  of  Rz,w  parameters, 

Rw,z  -indices  describing  explosives  parameters  according  to  Polish 
legislation: 

Rz  =  4,71xl0"4  (Qw  x  Vg)12  -  hazard  index  -  computed  from  chemical 
reaction  equation  (Qw  -heat  of  explosion,  Vg  -  volume  of  explosion  gases), 

Rw  =  (Rm  x  RTemp)  "  -  sensitivity  index  -  computed  on  the  base  of  tests 
results 

(Rm  =  0,076  (Ru  x  RT)  ~  -  mechanical  sensitivity  index,  RTemp  =  39,02  x  log 
(Tp/373)  -  thermal  sensitivity  index  (thermal  decomposition),  Tp  -  thermal 
decomposition  temperature  in  the  range  from  +373  K  to  +673  K,  Ru  -  impact 
sensitivity  in  the  range  from  1J  to  about  50J  (49, 1 J),  Rt-  friction  sensitivity  in 
the  range  from  0,1  N  to  about  360N  (353N)) 

The  range  of  proposed  indices  are  shown  below: 

0  <  Rz  <  1,10  -  the  bigger  its  value-  the  higher  hazard  level, 

0  <  Rw  <  10  -  the  bigger  its  value  -  the  material  lower  sensitive, 

Rm  -  the  bigger  its  value  -  the  material  lower  sensitive, 

RTemp  -  the  bigger  its  value  -  the  material  lower  sensitive, 

The  values  of  A  and  B  notes  have  a  discret  digital  form.  They  are  taken  from  the  tables 
of  evaluation  the  Rw/Rz  indices  described  above.  The  evaluation  has  been  established  in  a 
range  from  1  to  25  units  to  save  a  ZP  scale  from  original  Temclev  system  (see  equations  1 
and  2). 
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Table  1.  The  reference  list  of  explosives  illustrating  the  assumptions  of  a  system 
(data  taken  from  literature  ,14"17'  and  Polish  standard  PN-E-05 205: 1997) 


Material  name 

Rz 

R\\ 

WZ,  min  [J] 

Ammonium  Nitrate  (AN) 

0,59 

6,67 

M0'3 

Ammonium  nitrate  based 
explosives 

0,91 

5,35 

6,5  -  12 

ANFO  (94,5/5,5) 

0,92 

5,73 

M0'3 

Black  powder 

0,39 

7,07 

8,0- 10'1  aerosol 

2,3-1  O'2  dust  deposit 

Ethylene  glycol  dinitrate  (EGDN) 

1,06 

1,72 

1-10'3 

Hexogen  (RDX),  pure 

1,00 

3,23 

1,0-1  O'2  aerosol 

1,8-1 0'1  dust  deposit 

Lead  azide 

0,29 

1,44 

4,0-1  O'6  aerosol 

1,0-1 0'8  dust  deposit 

Lead  trinitroresorcinate  (Lead 
styphnate,  TNR-Pb) 

0,39 

0,97 

3,8-1  O'7 

Mercury  fulminate 

0,29 

1,36 

1,0-10'4 

Nitroglycerine  (Ngl) 

wm 

2,0- 10‘3 

Octogen  (HMX) 

mm 

1-10'3 

Picric  acid  (TNF) 

0,77  -  0,90 

5,33 

1-10'3 

Pentryt  (PETN) 

1,01 

2,05 

6,2-1 0'1  dust  deposit 

Single  base  propellants 
(nitrocellulose  /  difenylamine) 

0,87 

2,98 

9,0-1  O'2  aerosol 

3,0-1  O'2  dust  deposit 

Tetrazene 

0,81 

0,54 

1,3-1  O’4 

Tetryl 

0,90 

2,94 

4-1 0'3  aerosol 

Trinitrotoluene  (TNT) 

0,83-0,86 

6,32 

3,0-1 0'3  aerosol 
3,0-10°  dust  deposit 

For  computing  a  digital  value  of  a  specific  material  properties  index,  Sex,  the  equation 
given  below  has  been  proposed: 

S&=l  +  I(s,/10)  for  I  - 1,2,.. .n  (3) 

where:  Si  -  a  digital  note  for  every  kind  of  specific  material  properties  evaluation, 

like:  sensitivity  for  flame,  electric/electrostatic  spark,  toxicity  of 
combustion/decomposition  products  for  humans  and  environment,  HE  type, 
process  type  (explosion  or  detonation),  a  range  of  acting  (projection)  and 
others. 
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The  authors  of  this  paper  tried  to  connect  some  properties  of  HE  with  ADR  divisions 
of  class  1 .  An  example  has  been  shown  in  table  2  below. 


Table  2.  An  example  of  some  specific  material  properties  evaluation. 


Divisions 
of  class  1 
(ADR) 

Description  of  ADR  divisions  of  class  1  /  HE  type 

Proposed 

note 

1.1 

Substances  and  articles  which  have  a  mass  explosion  hazard 
(which  affects  almost  the  entire  load  virtually 
instantaneously) 

10 

1.5 

Very  insensitive  substances  which  have  a  mass  explosion 
hazard  (for  example  brisant  explosives  type  B  or  E) 

5 

1.2 

Substances  and  articles  which  have  a  projection  hazard  but 
not  a  mass  explosion  hazard 

3 

1.3 

Substances  and  articles  which  have  a  fire  hazard  and  either  a 
minor  blast  hazard  or  a  minor  projection  hazard  or  both,  but 
not  a  mass  explosion  hazard 

2 

1.4 

1.6 

Substances  and  articles  which  present  no  significant  hazard 
and  extremely  insensitive  articles  which  do  not  have  a  mass 
explosion  hazard 

1 

5.  SOME  QUESTIONS  AND  PROBLEMS  TO  SOLVE 
IN  THIS  PROJECT 

1.  Should  the  system  cover  chemical  processes  only,  that  means  until  manufacturing  a 
raw  product  or  purified  product  (HE)? 

2.  Should  the  system  cover  other  types  of  processes  /  operations,  for  example:  shell 
filling,  manufacturing  other  object  containing  HE,  that  means  non  chemical  processes? 

3.  What  a  range  of  notes  for  hazard  indices  to  use  in  Temclev-Ex?  The  same  scale  as  in 
original  Temclev  system  (used  now)  or  different  (extended)? 

4.  How  do  the  pyrotechnics  should  be  treated  in  the  system?  As  a  part  of  basic  HE 
assessment  or  as  an  independent  assessment? 
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OF  IGNITION  MECHANISMS  IN  CONFINED  ENERGETICS 
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Abstract: 

Detailed  understanding  of  the  response  of  confined  energetic  materials  to  different 
stimuli  is  critical  to  their  design.  This  paper  presents  an  experimental  investigation  of 
ignition  mechanisms  in  Detasheet  (a  polymer-bonded  explosive)  when  confined  between 
copper  plates  and  impacted  at  normal  incidence  with  copper  plates  at  velocities  up  to 
600  m/s.  High-speed  photography  and  optical  fibres  are  used  to  detect  points  of  ignition 
and  consequent  reaction  history.  PVDF  stress  gauges  are  used  to  relate  velocity  of 
impact  with  pressure  generated  in  the  explosive  A  Hugoniot  curve  for  detasheet  has 
been  plotted. 

Keywords:  ignition,  PBX,  impact,  Hugoniot 


1.  INTRODUCTION 

The  primary  use  of  PBXs  is  for  applications  in  which  high  output  combined  with 
insensitivity  are  paramount.  They  are  generally  insensitive  when  compared  to  pressed 
explosive  pellets  111  and  have  the  advantage  of  being  machinable  and  castable.  The 
importance  in  determining  the  sensitivity  of  the  explosive  to  shock  pressures  and  shear  is 
principal  to  its  manufacture,  confinement,  transportation  and  application. 

It  is  possible  to  initiate  PBX  systems  using  relatively  low  velocity  impact  f2'. 
In  applications  with  the  requirement  that  response  is  prompt,  given  specific  stimuli,  the 
threat  of  ignition  by  other  mechanisms  must  be  minimised.  Impact-induced  reaction  can 
occur  by  various  mechanisms,  such  as  pinch,  shear  and  cavity  collapse.  The  motivation  for 
this  work  is  to  investigate  lower  order  reaction  in  detasheet  produced  by  impact  and  to  assess 
the  effect  of  short  duration  shock  properties.  This  study  complements  earlier  research  from 
this  laboratory  ,3'  where  a  technique  based  on  three-dimensional  digital  speckle  photography 
was  developed  to  look  at  bulging  in  targets  when  impacted.  The  knowledge  of  impact 
deformation  combined  with  that  of  ignition  mechanisms  will  provide  information  relevant  to 
modellers. 

2.  EXPERIMENTAL 

A  single-stage  gas  gun  was  used  to  fire  projectiles  up  to  velocities  of  600  m/s  (figure  1). 
The  projectile  was  a  copper  disk  mounted  on  a  nylon  sabot  to  provide  stable  flight.  The 
target  was  aligned  to  give  normal  impact  with  the  projectile.  The  target  consisted  of  a  disk  of 
detasheet  confined  by  a  front  plate  of  copper  and  rear  plate  of  either  copper  or  glass.  The 
disk  of  detasheet  was  of  larger  diameter  than  the  projectile;  the  relative  diameters  of  the 
impactor  and  the  explosive  were  chosen  in  order  to  be  able  to  distinguish  between  shear  and 
shock  pressure  as  ignition  mechanisms.  The  impacts  were  conducted  in  a  chamber  which 
was  evacuated  to  below  100  mBar  pressure. 
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Copper  was  chosen  as  its  Hugoniot  is  well-documented.  The  method  of  punching  copper 
disks  from  a  sheet  resulted  in  some  degree  of  bowing  of  the  metal;  the  faces  were  polished 
with  glass-paper  to  provide  flat  and  smooth  surfaces.  Thin  layers  of  silicon  grease  (which  is 
compatible  with  detasheet)  were  incorporated  between  the  target  layers  to  eliminate  air 
pockets  and  ensure  good  stress  transmission.  Some  targets  were  constructed  with  air  pockets 
and  the  results  are  compared  to  those  where  silicon  grease  was  used. 


Projectile  Target 


Front  Rear 
PVDF  stress  gauges 


2  mm 


2  mm  20  mm 

< — > 

3  mm 


Fig  1.  Projectile  and  target  geometries  with  diagnostics  (not  to  scale).  From  left  to 
right:  projectile;  target  with  glass  rear  confinement;  target  with  copper  rear 
confinement 

Each  target  was  fitted  with  a  variety  of  diagnostics  which  included  PVDF  stress 
gauges  [4’51,  photodiodes  and  high-speed  photography.  PVDF  gauges  are  piezoelectric;  with 
appropriate  calibration  (figure  2)  it  is  possible  to  interpret  stress  as  a  function  of  time.  The 
gauges  were  constructed  by  positioning  a  small  disk  (1  mm  diameter)  of  piezoelectric  film 
concentric  with  the  impact  axis  and  between  two  insulated  legs  of  brass  shim.  The  gauges 
have  a  response  time  of  approximately  200  ns  It  should  be  noted  that  the  gauges  would  give 
very  high  output  when  detonation  occurs. 
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Fig  2.  Stress- Voltage  PVDF  gauge  calibration 

An  optic  fibre  was  positioned  to  view  along  the  impact  axis  through  the  rear  glass  anvil 
and  the  light  evolved  was  fed  into  the  photodiode;  the  response  time  of  the  photodiode  is  200 
ps.  A  mirror  at  45°  to  the  rear  plane  allowed  high-speed  photography  of  the  rear  face  of  the 
explosive  with  a  DRS  Hadland  Ultra-8  digital  camera,  which  produces  eight  frames  with  lps 
interframe  time  and  1  ps  exposure  time. 

3.  RESULTS 

3.1  Photodiode  traces  for  samples  with  air  pockets 

For  samples  with  air  pockets,  the  results  in  figure  3  show  photodiode  traces  over  a 
velocity  range  between  156  m/s  and  622  m/s.  Light  output  indicates  that  reaction  has  taken 
place  and  such  results  were  accompanied  by  post-impact  indicators  of  reaction,  such  as 
sample  damage  and  smoke.  The  system  was  tested  with  inert  samples  to  ensure  that  no  light 
was  produced  from  the  cell  materials.  For  samples  with  an  explosive  filling,  there  was  no 
light  output  in  the  absence  of  reaction;  in  this  instance  the  explosive  was  either  shredded  and 
scattered  about  the  gun  chamber  or,  at  lower  velocities,  left  intact.  The  absence  of  any 
photodiode  response  when  no  reaction  took  place  suggests  that,  in  this  regime,  both  the  cell 
and  the  fracturing  detasheet  produce  little  in  comparison  to  the  light  produced  by  reacting 
detasheet. 

Light  was  recorded  from  between  1.5  ps  and  2.0  ps  after  impact  in  systems  where 
reaction  occurred  (525  m/s  and  622  m/s).  The  traces  are  typical  of  a  burning  reaction.  In 
addition,  the  rise -time  to  maximum  intensity  is  approximately  2  ps  which  is  slower  than 
would  be  expected  for  a  prompt  detonation.  It  can  therefore  be  concluded  that  the  explosive 
is  ignited  and  deflagrates  without  a  transition  to  detonation. 

The  results  suggest  that  there  is  a  go/no-go  reaction  threshold  within  an  approximate  40 
m/s  range  of  impact  velocities  between  488  m/s  and  525  m/s.  The  output  for  an  impact 
velocity  in  the  middle  of  this  range  shows  light  but  at  a  significantly  lower  level.  This  may 
be  due  to  an  off-centre  reaction  rather  than  a  lower  rate  of  reaction  as  the  rise-time  is  similar 
to  that  of  the  higher  velocities.  Some  variation  in  the  magnitude  of  the  maximum  light 
recorded  is  explained  by  slight  differences  in  the  polishing  of  the  optic  fibres.  However  it  is 
observed  that  higher  impact  velocities  result  in  a  faster  rise  of  the  light  pulse. 
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Fig  3.  (i)  Photodiode  traces  for  the  impact  velocity  range  156  -  622  m/s; 

(ii)  Photodiode  rise-times  in  reacting  detasheet. 


Fig  4.  Photograph  of  air  pocket  in  prepared 

target:  the  boundary  of  the  explosive  disk 
is  shown  by  the  superimposed  outer 
dashed  white  circle 
(25  mm  diameter)  and  the  inner  circle 
marks  the  centre  of  the  detasheet  disk.  Air 
pockets  are  identified  by  dark  patches  on 
the  explosive  surface  where  light  is 
scattered  (indicated  with  arrow).  The 
typical  size  of  air  pockets  vary  between 
0.5  mm  to  4  mm  diameter. 
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Figure  4  shows  a  typical  air  pocket  trapped  between  the  detasheet  and  a  confining  glass 
anvil.  Without  explicitly  removing  such  pockets,  their  presence  will  clearly  affect  the 
response  of  the  explosive  to  impact,  through  adiabatic  compression  of  the  gas  in  the  pocket 
and  consequential  hot  spot  formation. 

High-speed  photographs  compare  the  reactions  firstly  with  an  air  pocket  and  then  with  a 
layer  of  silicon  grease  to  remove  the  air  pockets  (figure  5).  The  reaction  appears  to  start  at  an 
air  pocket,  noted  prior  to  impact,  and  spreads  out.  Micron-sized  lines  can  be  identified  at  the 
edge  of  the  reaction  area  in  the  photograph  of  the  impact  without  air  pockets;  these  may  be 
lines  of  shear.  A  similar  pattern  of  reaction  occurs  without  the  air  pockets  present. 
Photodiode  and  PVDF  stress  traces  are  also  similar  in  each  case  (figure  6).  Figure  3  shows 
that  pulse  rise-times  depend  on  velocity  but  that  the  maximum  level  of  light  output  appears 
to  be  largely  independent  of  impact  velocity  once  reaction  is  successfully  induced;  hence  the 
different  velocities  are  comparable  for  the  photodiode  traces. 


Fig  5.  High-speed  photographs  showing  the  reaction  in  targets  with  and  without 
air  pockets  for  impact  velocities  of  583  m/s  and  581  m/s  respectively. 

The  first  frame  starts  at  the  moment  of  impact;  subsequent  frames  are  for 
successive  microsecond  intervals,  with  1  ps  exposure.  Frame  9  is  a  repeat 
of  frame  5  owing  to  the  nature  of  the  ultra- 8  camera. 

The  black  dot  indicates  the  impact  axis  and  the  dark  spot  indicates  the 
centre  of  the  explosive. 
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■  754  m/s  Si 
583  m/s  air 


Fig  6.  Comparison  of  results  for  targets  with  and  without  air: 

(i)  Photodiode  traces;  (ii)  Photodiode  rise-times;  (iii)  PVDF  stress  pulses 

At  this  level  of  impact,  the  presence  of  visible  air  bubbles  does  not  significantly  affect 
the  apparent  mode  of  reaction.  It  should  be  noted  that  studies  have  shown  smaller  air  bubbles 
(micron-sized)  to  collapse,  due  to  adiabatic  compression,  far  more  quickly  than  larger  air 
pockets  (mm  sized)  and  hence  smaller  pockets  are  more  favourable  hot-spot  sites  f6'. 
Greasing  methods  do  not  eliminate  such  tiny  bubbles.  It  is  possible  that  the  larger  pockets  of 
air  identified  do  not  collapse  sufficiently  quickly  to  significantly  affect  the  explosive. 

3.3  Targets  without  air  pockets 

A  series  of  experiments  was  undertaken  impacting  targets,  fitted  with  PVDF  stress 
gauges  in  front  and  behind  the  energetic  material,  at  different  velocities.  Typical  results  are 
shown  in  figure  7  for  cases  where  no  reaction  occurs  and  for  the  case  when  there  is  reaction. 
Successive  peaks  represent  the  stress  wave  reflecting  between  the  copper  plates.  The  higher 
velocity  impact  results  in  higher  pressures  than  the  lower  velocity  impact.  The  smoother 
nature  of  the  581  m/s  trace  is  due  to  a  slower  sampling  frequency. 
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A  Front  394  m/s 
x  Rear  394  m/s 
Front  581  m/s 
Rear  581  m/s 


Fig  7.  Comparison  of  typical  front  and  rear  PVDF  stress  gauge  responses 

for  impact  velocities  above  and  below  the  critical  impact  velocity  range 
for  reaction  (581  m/s  and  394  m/s  respectively);  time  zero 
is  approximately  300  ns  after  impact. 

Figure  6  suggests  that  light  from  reaction  is  observed  between  1.5  ps  and  2  ps  after 
impact.  This  corresponds  to  the  time  between  the  first  peak  arriving  at  the  rear  gauge  and  the 
second  peak  at  the  front  gauge  for  the  higher  velocity  impact. 

The  shock  lasts  for  approximately  600  ns  before  release  is  realised  due  to  the  finite 
extent  of  the  projectile;  this  agrees  with  the  width  of  the  first  pulse  seen  by  the  front  gauge  at 
each  velocity.  It  can  be  seen  that  there  are  a  series  of  steps  on  the  PVDF  signals.  The  time 
difference  between  the  first  pulses  recorded  by  either  gauge,  T1  is  longer  than  the  time 
difference  T2  for  the  reflected  shock  to  reach  the  front  gauge.  This  suggests  an  accelerated 
stress  wave  velocity;  which  can  be  interpreted  either  as  a  consequence  of  compressed 
material  owing  to  the  impact  shock,  or  as  evidence  for  an  reaction.  It  must  be  remembered 
that  the  sample  is  deforming  along  with  the  gauge  during  the  impact  process.  However,  the 
trend  is  clear:  higher  impact  velocity  gives  a  greater  stress  throughout  the  system.  The  large 
broad  peak  at  the  rear  PVDF  gauge  at  the  higher  velocity  gives  extra  support  for  the  idea  of 
reaction  occurring.  These  measurements  will  be  extended  by  observing  the  effect  of  semi¬ 
infinite  backing  of  the  samples,  to  reduce  bending. 

The  pressures  recorded  by  the  rear  gauges  often  exceed  those  generated  by  the  copper- 
copper  impact  when  compared  with  the  appropriate  Hugoniot  curves.  Coupled,  these  results 
support  reaction  and  hint  at  a  claim  for  detonation. 

There  is  a  degree  of  variation  from  gauge  to  gauge  owing  to  the  method  of  their 
construction;  impacts  at  (583  ±  2)  m/s  give  an  initial  peak  in  voltage  of  (0.32  ±  0.04)  V. 
However,  using  figure  2,  we  can  see  that  the  initial  peak  in  stress  at  the  front  gauge  increases 
with  impact  velocity  from  approximately  (26  ±  1)  kbar  for  300  m/s  to  (83  ±  2)  lcbar 
for  581  m/s.  Using  the  well-documented  Hugoniot  of  copper  [7',  a  tentative  effort  to  find  the 
Hugoniot  for  detasheet  is  shown  in  figure  8.  However,  this  will  be  obtained  with  greater 
accuracy  using  a  larger  diameter  sample  for  which  one-dimensional  conditions  can  be 
approximated  far  better. 
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Fig  8.  Hugoniot  for  Detasheet 


4.  CONCLUSIONS  AND  DISCUSSION 

The  process  of  ignition  and  initiation  in  confined  energetic  materials  is  a  complex 
process.  Mechanisms  such  as  void  collapse,  pinch,  shear  and  fracture  all  contribute.  In  some 
applications  it  is  possible  that  gas  pockets  will  develop  between  the  energetic  material  and 
the  confinement. 

This  study  illustrates  that  at  the  impact  velocities  studied  here,  the  presence  or  absence 
of  air  pockets  (0.5  mm  -  4  mm  diameter)  has  little  overall  effect;  the  extent  of  reaction,  as 
measured  by  photodiodes,  is  similar  for  both  cases.  Of  more  potential  concern  is  that,  at 
lower  velocities,  the  presence  of  such  pockets  may  provide  the  hot-spots  which  result  in 
reaction  so  sensitising  the  system.  The  use  of  high-speed  photography  was  key  in  linking 
reaction  sites  to  air  pockets.  Finally  there  is  a  low  velocity  threshold  below  which  reaction 
does  not  occur. 

The  PVDF  stress  pulses  show  the  form  of  the  stress  pulses  in  the  system.  For 
experiments  in  which  reaction  occurred  the  stress  pulse  is  broader  than  when  no  reaction 
resulted.  This  will  be  pursued  in  further  studies  where  the  backing  to  the  explosive  is 
effectively  rigid,  so  eliminating  potential  effects  caused  by  flexing  of  the  gauge.  Using  the 
initial  step  on  the  PVDF  traces,  an  approximate  Hugoniot  for  the  system  has  been 
constructed.  This  will  be  improved  upon  using  thicker  samples  with  a  larger  diameter  where 
longer  duration  shocks  can  be  produced  and  the  one-dimensional  assumptions  for  the  Copper 
Hugoniot  used  may  be  more  effectively  transferred. 

By  combining  the  knowledge  of  the  processes  leading  to  reaction  with  the  mechanical 
response  of  the  energetic  material  and  the  confining  plates,  models  of  greater  applicability 
and  accuracy  can  be  produced. 
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Abstract: 

In  spite  of  careful  analysis  and  measurement,  results  are  often  incorrectly  calculated 
and  reported.  This  may  have  serious  effects  on  the  outcomes  of  the  investigation  - 
products,  ammunition  and  associated  systems  may  not  meet  the  specifications  and  miss 
the  target,  time  and  materials  are  wasted  and  revenue  eventually  lost. 

This  paper  deals  with  the  necessity  for  and  principles  of  correct  scientific  numerical 
communication.  The  basic  measuring  units  are  initially  reviewed  followed  by  a 
discussion  of  the  proper  use  of  figures  and  correct  handling  of  measurements.  In 
conclusion  the  nature  of  measuring  errors  is  studied  and  guidelines  for  its  prevention 
provided.  A  n  umber  of  exercises  are  provided  in  the  text,  the  answers  to  be  found  at  the 
end  of  the  paper.  The  ultimate  aim  will  be  to  improve  the  reliability  of  the  reader  as  an 
analyst/researcher. 

Keywords:  SI  Units,  significant  figures,  reliability,  precision,  accuracy, 

analysis  of  errors 


1.  INTRODUCTION 

Reliability  is  a  noble  human  characteristic  that  should  be  strived  for.  It  earns  esteem 
from  colleagues  and  even  promotion  from  managers.  This  not  only  applies  to  human 
relationships  but  equally  to  activities  as  a  scientist,  engineer,  technologist,  manager, 
supervisor  or  humble  worker.  Unfortunately,  without  knowing  it,  results  and  findings  may  be 
unreliable  merely  because  the  principles  of  correct  scientific  numerical  communication,  the 
avoidance  of  errors,  as  well  as  the  visualisation  of  results  have  never  been  mastered.  This  is 
unfortunately  a  shortcoming  of  some  employees  that  have,  for  instance,  caused  factories  and 
mines  to  be  closed,  contracts  and  communication  satellites  to  be  lost  and  products  to  be 
withdrawn. 

This  paper  aims  to  improve  the  reliability  of  tests  and  analysis.  As  a  start  it  may  be  of 
interest  to  try  exercise  3.2.  A  correct  answer  at  the  first  attempt  will  prove  mastery  of  the 
most  important  aspects  of  reliable  calculation! 
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2. 


THE  INTERNATIONAL  SYSTEM  OF  UNITS 


Since  measurement  and  control  inevitable  involves  units,  the  analyst/researcher  should 
have  a  good  grasp  of  the  various  measuring  units  and  its  conversion  into  sub-  or  other  units, 
especially  in  view  of  the  fact  that  a  degree  of  confusion  exists  with  respect  to  some  of  these. 
Many  reference  manuals  and  books  still  adhere  to  the  old  Imperial  units.  The  variety  of 
pressure  and  vacuum,  for  instance,  can  be  quite  confusing. 

The  so-called  SI  {System  Internationale)  was  introduced  by  the  French  in  order  to  supply 
a  logical  and  correct  reference  framework  for  all  measurements  in  science,  technology, 
industry  and  commerce.  The  system  is  based  on  seven  basic  units  and  their  sub-units.  Of 
these  only  mass  requires  a  physical  unit  for  its  definition.  Each  basic  unit  is  sub-divided  into 
a  number  of  subsidiary  and  even  smaller  units  that  are  used  during  measurement.  The  seven 
SI  basic  units  and  their  sub-units  are  listed  in  Table  1. 

Table  1.  The  SI  Units  of  Measurement 

1.  LENGTH:  Metre  (m).  A  helium-neon  laser  is  used  for  its  accurate 

calibration. 

Area:  Square  metre  (nr). 

Volume:  Cubic  metre  (m  ).  The  sub-unit  is  the  cubic 
decimetre  (dm ).  In  industry  volumes  are  often 
expressed  in  terms  of  litres. 

2.  TIME:  Second  (s).  It  is  based  on  the  stable  oscillations  of  the 

Caesium  atom. 

Frequency:  Hertz  (Hz).  One  hertz  equals  one  cycle  per 
second. 

Speed:  Meter  per  second  (m/s).  Dividing  distance  by 
time  gives  the  speed. 

Acceleration:  Meter  per  second  per  second  (m/s^). 
Acceleration  is  the  rate  of  change  in  speed 

Kilogram  (kg).  A  physical  standard  is  used  which  is  a 
cylinder  of  platinum/iridium  alloy  kept  at  the  Bureau  of 
Weights  and  Measures  in  Paris  It  is  approximately  the 
mass  of  one  cubic  decimetre  of  water  at  4  °C. 

Newton  (N).  A  force  of  one  Newton,  when  applied  for 
one  second  to  a  mass  of  one  kilogram,  will  result  in  an 
acceleration  of  one  metre  per  second  per  second. 

Pascal.  1  newton/m2  =  1  Pa. 

1  Atmosphere  or  1  Bar  =100  kPa„ 

Joule  (J).  The  weight  of  an  object  is  the  force  exerted  on 
it  by  gravity.  Gravity  gives  mass  a  downward 
acceleration  of  about  9,8  m/s".  J  =  lNx  lm 
Watt  (W).  1W=  lJ/ls. 


3.  MASS: 

Force: 

Pressure: 

Work  and  Energy: 

Power: 
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5.  ELECTRIC 
CURRENT: 


Voltage: 

Resistance: 


Ampere  (A).  This  is  the  value  of  the  current  that  will 
cause  a  magnetic  force  of  certain  magnitude  when 
flowing  through  two  long  parallel  wires  separated  by  a 
certain  distance. 

Volt  (V).  1V=1W/1A. 

Ohm(Q).  IQ  =  1V/1A 


6.  LUMINOUS 
INTENSITY 

Light  flux: 


Candela  fed).  A  candela  is  the  luminous  intensity 
of  1/600  000  of  a  square  metre  of  a  radiating  cavity  at 
the  temperature  of  freezing  platinum  (2  024  °K)„ 

Lumen  (lm).  A  source  with  intensity  of  1  candela  in  all 
directions  radiates  a  light  flux  of  4  lumens.  A  100  watt 
light  bulb  emits  about  1  700  lumens. 


7.  AMOUNT 

OF  SUBSTANCE: 


Mole  per  litre  (M).  One  mole  of  a  substance  is 
equivalent  to  its  molar  mass  expressed  in  grams. 


The  recognised  SI  multiples,  submultiples,  prefixes  and  symbols  are  listed  in  Table  2.  It 
should  be  pointed  out  that  the  comma  is  still  the  official  decimal  denominator  and  not  the 
point.  Industry  pays  little  attention  to  this.  However,  because  of  problems  experienced  in  this 
respect  by  manufacturers  of  certain  computerized  instrumentation  that  are  unable  to  handle 
the  comma,  there  is  an  international  movement  towards  again  allowing  the  point  as  decimal 
denominator. 


Table  2.  Prefixes  for  SI  units 


Multiples  and  Submultiples 

Prefixes 

1  000  000  000  000=  1012 

tera 

1  000  000  000=  109 

giga 

1  000  000  =  106 

mega 

1  000=  103 

kilo 

<N 

o 

II 

o 

o 

hecto 

o 

II 

cy 

deka 

© 

II 

© 

deci 

0,01=  10'2 

centi 

0,001=  10‘3 

milli 

0,000  001  =  10“6 

micro 

0,000  000  001  =  10~9 

nano 

0,000  000  000  001  =1012 

pico 

0,000  000  000  000  001  =  1015 

femto 
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3.  CORRECT  HANDLING  OF  MEASUREMENTS 
AND  CALCULATIONS 

Scientific  communication  is  largely  based  on  the  use  of  figures.  In  the  process 
measurements  and  answers  are  quantitative  and  refer  to  some  physical  property  such  as 
mass,  density,  VOD,  heat  of  explosion,  etc.  Scientific  communication  is  expected  to  be 
correct  en  intelligible,  an  aspect  that  also  applies  to  the  use  of  figures.  Unfortunately  this  is 
not  always  the  case.  This  paper  intends  to  provide  guidelines  in  this  respect. 

3.1  Significant  figures 

Results  are  mostly  correctly  calculated  but,  because  of  the  incorrect  use  of  significant 
figures,  not  correctly  expressed.  It  is  important  that  the  answer  should  always  reflect  the 
sensitivity  and  reliability  of  the  analysis.  The  weak  link  in  the  measuring  and  hence 
calculation  chain  should  be  identified  and  the  relative  uncertainty  of  this  measurement 
reflected  in  the  final  answer,  which,  however,  should  not  be  less  than  that  of  the  weakest 
link. 

Consider  for  instance  a  claim  made  by  the  manufacturer  of  a  well-known  car  who  states 
that  the  gasoline  consumption  of  the  car  is  5,475  litres  per  100  km.  As  will  be  seen,  this 
implies  a  relative  uncertainty  of  one  part  per  5  475,  a  figure  which  has  an  uncertainty  at  least 
five  times  better  than  that  obtained  in  a  normal  analytical  laboratory  doing  wet  analysis.  This 
is  absurd  in  view  of  the  fact  that  a  large  measuring  cylinder  has  an  error  of  about  1%.  The 
consumption  should  therefore  be  correctly  expressed  as  5,48  litres  per  100  km. 

3.2  Basic  rules  applying  to  significant  figures: 

When  expressing  a  quantity  the  measurements  and  results  are  represented  by  so-called 
significant  figures.  Significant  figures  are  those  digits  in  a  number  that  are  known  with 
certainty,  followed  by  one  digit  that  appears  to  be  an  uncertain  or  a  doubtful  digit.  This 
figure  is  generally  considered  to  be  uncertain  by  ±  1,  for  example,  a  density  of  1,475  g/cm 
for  cast  TNT  biscuit  can  be  regarded  to  be  certain  as  far  as  the  digits  1,  4  and  7  are 
concerned,  but  the  5  may  possibly  be  either  a  4  or  a  6. 

In  some  cases  the  uncertainty  may  exceed  one  digit.  The  age  of  a  rock  may,  for  instance, 
be  reported  as  17,35  ±0,05  billion  years.  Likewise  uncertainty  about  the  concentration  of  a 
component  in  a  sample  may  be  reported  as  17,4  ±0,4%.  This,  as  an  example,  is  observed 
when  a  number  of  experts  analyse  samples  intended  to  form  part  of  a  batch  of  standard 
samples. 

Up  to  1971  the  value  for  the  atomic  mass  of  hydrogen  was  given  as  1,0079  ±0,0001 
mass  units.  New  information  called  for  its  adjustment  to  1,00794  ±0,00007  units,  increasing 
the  number  of  significant  figures  from  five  to  six. 

The  digit  zero  should  be  considered  with  care.  Zero  is  a  significant  figure,  except  when 
it  is  the  first  digit  in  a  number.  Thus  715  has  three  significant  figures,  3,78  has  three,  0,0378 
has  three,  0,01490  has  four,  0,0601 10  has  five,  etc.  The  leading  zeros  are  not  significant  but 
serve  to  indicate  the  magnitude  of  the  number,  in  other  words,  the  position  of  the  decimal 
comma.  As  an  example  a  distance  of  42  metres  may  also  be  expressed  as  0,042  km;  a 
concentration  of  15,2  mg/dm  (ppm)  as  0,0152  g/dm  .  The  number  of  significant  figures 
remains  the  same  even  though  different  measuring  units  are  used  and  additional  zeros 
introduced. 
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There  is  a  tendency  to  ignore  terminal  zeroes,  even  if  they  are  significant.  When  the 
number  15,30159  has  to  be  rounded  of  to  four  significant  numbers,  it  should  be  written  as 
15,30  and  not  15,3  since,  apart  from  being  a  significant  number,  the  terminal  zero  indicates 
the  relative  uncertainty  of  the  number.  Because  of  the  earth’s  elliptical  orbit  the  average 
distance  to  the  sun  should  not  be  written  as  149  000  000  km  but  more  correctly  as  149 
million  or  1,49  x  10  kilometres.  Avogadro’s  number,  6,023  x  10“  ,  is  another  good  example. 
Since  only  four  significant  figures  are  available,  there  is  no  sense  in  writing  down  all  the  23 
zeroes!  Also  take  note  that  the  volume  of  a  pipette  or  volumetric  flask  should  be  stated  as 
20,00  cm  and  not  just  as  20  cm  . 

Exercise  1. 

Write  down  the  number  of  significant  figures  in  the  following  examples: 

(Answers  for  all  exercises  are  provided  at  the  end  of  the  paper): 

(a)  460,10  (b)  400  (c)  0,0010 

(d)  2900  (e)  7,540  x  10’7  (f)  3050,7 

(g)  1,680  xlO4  (h)  230,006  (i)  2,620  x  1011 

3.3  Rejection  of  superfluous  figures: 

Electronic  calculators  normally  provide  more  figures  than  are  significant  and  one  should 
make  certain  how  many  figures  are  to  be  retained.  Keep  in  mind  that  the  number  of 
significant  figures  in  a  number  should  include  one  uncertain  figure  at  the  end.  When  the 
number  27,  for  instance,  is  divided  by  23,  the  answer,  1,173913....,  obviously  has  too  many 
figures.  As  will  be  explained  later,  not  more  than  three  should  be  used,  providing  an  answer 
of  1,71. 

Superfluous  figures  are  rejected  according  to  the  following  standard  rules: 

1.  If  a  figure  beyond  the  last  one  to  be  retained  is  less  than  5,  the  last  figure  is 
retained  unchanged,  e.g.  if  6,4173  is  to  be  rounded  to  four  significant  figures,  it 
becomes  6,417. 

2.  If  a  figure  next  beyond  the  last  one  to  be  retained  is  greater  than  5,  increase  the 
last  figure  by  1,  e.g.  if  5,4376  is  to  be  rounded  to  four  significant  figures,  it 
becomes  5,438. 

3.  If  the  figure  next  beyond  the  last  one  to  be  retained  is  5  and  there  is  no  figure  or 
there  are  only  zeroes  beyond  the  five,  it  is  increased  by  1  if  it  is  odd,  and  left 
unchanged  if  it  is  even,  for  example,  2,425  or  2,42500  stays  2,42  if  three  figures 
are  to  be  retained,  while  1,235  or  1,23500  becomes  1,24. 

4.  The  last  figure  to  be  retained  is  increased  by  one  if  it  is  followed  by  5,  followed 
by  more  figures. 

As  will  be  pointed  out  later,  it  is  not  necessary  to  discard  figures  when  a  string 
calculation  is  conducted  on  a  calculator.  This  will  save  time.  However,  intermediate  and 
final  answers  should  contain  the  correct  number  of  significant  figures. 

Exercise  2. 

Rewrite  the  numbers  in  Exercise  1  to  three  significant  figures.  (More  examples  will 
follow  in  the  remaining  text.) 
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3.4 


Addition  and  subtraction 


During  addition  or  subtraction  sufficient  figures  corresponding  to  the  term  having  the 
least  number  of  decimal  places  should  be  retained  in  each  number  and  in  the  result.  Say,  for 
instance,  three  charges  are  independently  weighed  and  the  following  masses  obtained:  39,48 
kg;  34,51  g;  165  g. 

There  is  no  sense  in  adding  the  mass  of  one  parcel,  weighed  to  the  nearest  10  grams,  to 
that  of  another,  weighed  to  the  nearest  10  milligrams.  The  same  unit,  in  this  case  kilograms, 
must  be  used  and  superfluous  figures  discarded.  (It  would  not  be  correct  to  convert  the 
masses  to  grams  or  milligrams  before  addition). 


39,48  kg 
34,51  g 
165  g 


stays 

becomes 

becomes 

Total 


39,48  kg 
0,03  kg 
0,16  kg 
39,67  kg 


During  addition  and  subtraction  the  decimal  comma  therefore  plays  an  important  role 
when  determining  the  number  of  significant  figures  to  be  retained.  If  your  final  answer  has 
more  decimal  figures  than  contained  in  the  measurements,  they  must  be  discarded  since 
including  them  would  indicate  a  precision  better  than  that  actually  measured.  The  average 
value  of  a  series  of  measurements  of  the  heat  of  explosion  for  mercury  fulminate  serves  as  an 
example: 


Heat  of  explosion:  1  486  kJ/kg 

1  484  kJ/kg 
1  488  kJ/kg 
1  485  kJ/kg 

Average:  1  485,75  kJ/kg 

If  1  485,75  kJ/kg  is  to  be  taken  as  the  average  value,  six  significant  figures  are  used 
implying  a  relative  precision  of  one  part  in  148  575  parts.  This  is  obviously  unrealistic  since 
the  answer  should  more  or  less  reflect  the  same  relative  uncertainty  than  the  least  uncertain 
measurement,  which,  in  the  above  case,  is  approximately  one  part  in  1  485.  The  correct 
answer  for  the  above  calculation  is  therefore  1  486  kJ/kg. 

The  agreement  between  the  individual  measurements  must  also  be  taken  into  account 
when  stating  the  final  answer.  The  average  of  34,01;  34,35  and  34,17  should  be  reported  as 
34,2  and  not  as  34,18,  since  the  measurements  show  considerable  fluctuation  and  the  third 
figure  is  also  uncertain.  Be  careful,  however,  not  to  apply  the  same  rule  in  the  following  case 
where  the  measurements  are  34,11;  34,17  and  34,22.  The  third  figure  seems  to  be  uncertain 
which  is  not  the  case  since  the  variation  of  the  last  figure  is  less  than  unity.  When  in  doubt 
calculate  the  average  deviation  (part  5.1).  If  the  average  deviation  in  this  case  is  less  than 
0,10,  only  the  fourth  figure  is  uncertain.  However,  if  it  is  above  0,1  and  below  1,00,  the  third 
figure  is  uncertain. 
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Exercise  3. 


1 .  Rewrite  the  following  additions  and  subtractions,  using  a  vertical  column: 

(a)  16,1  +0,0557+  1,64  +  0,0497  =  ? 

(b)  (0,7650  x  106)  +  (1,75  x  104)  +  (21,2  x  105)  =  ? 

2.  Calculate  the  average  titres  in  the  following  cases: 

(a)  25,63;  25,59;  25,61  cm3 

(b)  25,70;  25,57;  25,41  cm3 

3.5  Multiplication  and  division 

When  multiplying  and  dividing  numbers  only  sufficient  figures  to  express  a  relatively 
uncertainty  as  large  as  that  of  the  number  with  the  largest  relative  uncertainty  should  be 
retained  in  each  term  and  in  the  result.  For  example,  during  an  analysis  the  readings  from 
instruments  with  various  sensitivities  provide  measurements  that  are  used  for  the  following 
calculation: 


6,7x31,421  x0,0581  =  12,2312563 


As  stated  before  the  answer  should  reflect  the  relative  uncertainty  of  the  least  uncertain 
number.  To  make  things  easy  the  comma  is  (temporarily)  not  taken  into  account.  The 
relative  uncertainties  of  the  individual  numbers  are  therefore  1/67;  1/31421  and  1/581.  The 
first  number  has  the  largest  relative  uncertainty,  hence  qualifies  the  number  of  significant 
figures  to  be  retained  in  the  other  terms  and  in  the  answer.  The  factors  may  be  inspected  and 
modified  individually  according  to  these  and  other  rules  that  have  been  developed  before  the 
introduction  of  the  electronic  calculator  and  when  the  only  calculating  aids  were  the  slide 
rule  and  logarithms,  that  respectively  handle  only  3  and  4  significant  figures.  (Although 
more  sensitive  slide-rules  and  logarithmic  tables  were  available.)  Rejection  of  figures  was  a 
necessity  when  using  these  tools. 

Since  numbers  are  entered  with  greater  speed  into  a  calculator  than  struggling  with 
rounding  off  procedures,  the  above  numbers  can  be  used  just  like  they  are,  provided  that  the 
answer  is  adjusted  to  reflect  the  relative  uncertainty  of  the  number  with  the  largest 
uncertainty,  6,7  in  this  case.  The  answer  (disregarding  the  comma)  should  therefore  not  be 
less  than  the  number  67  and  for  the  above  calculation  should  therefore  be  =  12,2.  (67  <  122) 

A  typical  misconception  when  reporting  answers  is  the  belief  that  the  number  should 
consist  of  four  figures  after  the  decimal  comma.  This  may  relate  to  the  relative  uncertainty  of 
about  one  part  per  thousand  applicable  to  the  burette  as  used  during  volumetric  analysis.  The 
restriction  to  four  figures  as  demanded  during  the  earlier  use  of  logarithms  may  also  be  a 
reason. 

It  should  be  remembered  that  zeroes,  like  other  digits,  are  only  significant  if  their 
removal  does  not  change  the  relative  uncertainty  of  the  number,  the  essential  criterion  of 
significance.  In  the  case  of  a  number  such  as  4  170  it  is  assumed  that  the  zero  is  the  first 
significant  number  which  is  uncertain.  However,  if  the  7  seems  to  be  the  uncertain  digit,  the 
number  should  be  expressed  in  scientific  notation,  e.g.  as  4,17  x  10  . 
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Exercise  4. 

Calculate  the  following  according  to  the  rules  for  significant  figures: 


(a)  (1,263  x  10,3)  ^  (3,1614  x  0,0020)  =  ? 

(b)  The  diameter  of  a  sphere  as  measured  with  an  ordinary  ruler  was  found  to  be  2, 1  x 
102  mm.  Calculate  the  volume  in  dm  .  (Volume  of  a  sphere  =  4/3  nr  where  r  = 
diameter/2.) 

3.6  Calculators  and  significant  figures 

The  use  of  inexpensive  calculators  has  speeded  up  calculations  tremendously. 
Unfortunately  its  ease  of  use  created  a  disregard  for  the  correct  use  of  significant  figures. 
The  complete  lack  of  respect  for  the  limitations  or  experimental  measurements  of  computed 
results  is  probably  directly  attributable  to  the  calculator  screen  displaying  eight  or  ten  digits 
or  even  more.  This  large  number  is  often  equated  with  accuracy  and  precision.  The  number 
of  digits,  however,  has  nothing  to  do  with  these  two  terms.  This  statement,  however,  does 
not  apply  to  users  of  the  old-fashioned  sliding  rules  and  log  books  that  had  to  scale  all 
numbers  down  to  four  significant  figures! 

Exercise 

+Six  students  were  requested  to  calculate  the  volume  of  a  rectangular  wooden  block  by 
measuring  the  length,  width,  and  thickness  of  to  the  nearest  0,01  cm  using  a  vernier  calliper. 
The  results  are  shown  in  table  3. 

Table  3.  Calculation  of  the  volume  of  a  wooden  block 


Length 

Width 

Thickness 

Volume 

Adjusted 

(cm) 

(cm) 

(cm) 

(cm3) 

volume 

1. 

14.88 

6.50 

1.91 

185.01941 

185 

2. 

14.98 

6.49 

1.82 

176.94076 

177 

3. 

15.07 

6.48 

1.92 

187.49491 

187 

4. 

15.02 

6.50 

1.90 

185.49700 

185 

5. 

14.98 

6.51 

1.84 

179.43643 

179 

6. 

14.82 

6.53 

1.83 

177.09752 

177 

7. 

14.96 

6.50 

1.87 

181.91434 

182 

8. 

0.08 

0.01 

0,04 

4 

9. 

1/187 

1/650 

1/47 
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From  the  preceding  table  the  following  observations  may  be  made: 

1 .  The  measurements  listed  in  rows  1  to  6  show  unexpected  variation  in  spite  of  the 
fact  that  a  reliable  vernier  calliper  was  used.  Unknown  to  the  students  the 
wooden  block  was  not  perfectly  symmetrical,  the  dimensions  along  the  three 
axes  varying  by  about  1  mm.  This  simulates  a  number  of  samples,  for  instance, 
from  different  batches  that  are  not  completely  homogenous,  a  situation  often 
found  in  commercial  analysis. 

2.  If  a  perfectly  symmetrical  block  was  used  it  is  likely  that  the  answers  would  be 
identical,  indicating  a  measuring  instrument  that  is  not  sensitive  enough.  A  three 
decimal  calliper  vernier  should  be  used. 

3.  A  perfectly  symmetrical  block  measured  with  an  ordinary  ruler,  on  the  other 
hand,  may  once  again  show  variation  in  the  measurements,  mainly  because  of 
parallax  errors  that  are  introduced. 

4.  The  calculated  volumes  are  indicated  in  the  fifth  column  with  all  the  digits 
supplied  by  the  calculator.  As  expressed,  these  answers  indicate  a  relative 
uncertainty  of  about  1/18  200  000  which  is  obviously  far-fetched.  It  should  be 
rounded  off,  but  to  what  extent? 

5.  From  the  table  it  seems  as  if  the  second  digit  seems  to  be  uncertain,  but  for  safe 
measure  rounding  of  is  initially  limited  to  three  digits.  The  relative  average 
deviation  (see  part  5.1)  of  these  measurements  are  shown  in  row  8.  The 
measurement  with  the  highest  uncertainty,  thickness,  has  an  average  relative 
deviation  of  0,04,  which  indicates  a  relative  uncertainty  of  0,04/1,82  =  1/47. 
According  to  the  rules,  the  answer  should  be  >  47,  in  other  words,  182.  Any 
further  digits  after  the  decimal  comma  will  imply  an  uncertainty  which  is  not 
reflected  by  the  least  uncertain  measurement,  that  of  the  width. 

This  exercise  illustrates  the  necessity  for  limiting  the  numbers  of  digits  in  order  to  obtain 
a  sensible  answer  reflecting  the  correct  degree  of  uncertainty  of  the  measurement  and 
analysis.  It  also  illustrates  the  effect  of  variations  in  an  “imperfect”  sample,  as  for  instance 
when  the  sampling  units  taken  during  the  sampling  procedure  sample  was  too  small  resulting 
in  inhomogeneous  samples.  The  same  effect  is  obtained  when  measuring  a  supposed  to  be 
symmetrical  object,  e.g.  a  cartridge  that  is  not  perfectly  symmetrical.  It  may  also  reflect  the 
results  obtained  by  a  single  analyst  using  a  measuring  tool  that  is  too  sensitive. 

3.7  Practical  applications 


Mass 

Probably  the  laboratory  instalment  with  the  best  sensitivity  in  everyday  use  is  the 
analytical  balance.  These  balances  are  normally  capable  of  weighing  to  one  tenth  of  a 
milligram,  for  instance  indicating  a  mass  of  25,3524  g.  Since  the  last  figure  is  the  first 
uncertain  figure  with  a  value  of  ±  0,0001,  this  implies  a  relative  uncertainty  of  0,0001  / 
25,3524  which  is  equal  to  1  part  in  about  250  000.  If  100  grams  are  weighed  out,  this 
uncertainty  improves  to  1  part  in  1  million. 

Since  virtually  all  other  measurements  related  to  an  experiment  or  analysis  involving 
mass  have  far  worse  uncertainties,  it  is  often  not  necessary  to  use  an  analytical  balance  at  all, 
especially  if  the  sample  is  large.  In  volumetric  analysis  the  relative  uncertainty  is  seldom 
better  than  1/500,  which  means  that  samples  in  excess  of  10  grams  may  be  weighed  on  a  top 
loading  balance  with  a  read-out  of  0,01  grams.  Time  and  investment  capital  may  be  saved  in 
this  way. 
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Let  us  consider  the  following  case  history:  When  determining  the  relative  density  of  cast 
TNT  biscuits  using  the  Archimedes  principle,  the  analyst  was  instructed  by  the  laboratory 
manager  to  use  a  five  decimal  analytical  balance.  The  result  of  using  this  over-sensitive 
balance  was  that  with  each  measurement  he  had  to  wait  until  the  last  two  figures  on  the 
read-out  stabilized  in  the  draughty  room,  or  when  a  reasonable  average  could  be  obtained. 
Each  measurement  took  a  few  minutes.  What  none  of  them  realized  was  that  the  sample 
(about  10  grams  in  size)  was  measured  with  an  uncertainty  of  about  1  /1  000  000,  or 
0,00001%,  which  was  absolutely  unnecessary.  A  two  decimal  top  loading  balance  was  then 
used  which  provided  a  precision  of  0,1%,  which,  since  the  listed  value  for  the  density  of  a 
typical  sample  of  TNT  biscuit  is  about  1,47,  is  quite  acceptable.  The  analyst  was  now  able  to 
take  measurements  in  about  5  seconds  or  less! 

Measurement  of  time  and  its  derivatives 

Accurate  measurement  of  time  and  its  derivatives  such  as  frequency,  speed  and 
acceleration  is  of  great  importance  in  the  explosives  and  military  industries,  e.g.  measuring 
the  speed  and  acceleration  of  a  projectile.  Fortunately  timing  devices  such  as  the  wristwatch 
and  especially  scientific  timing  devices,  oscillators,  etc  employing  the  absolute  stable 
oscillation  of  the  quart  crystal,  provide  extremely  accurate  and  stable  data.  Atomic  clocks 
based  on  the  oscillations  of  Caesium  are  of  the  most  accurately  available  measuring  devices, 
having  an  error  of  about  one  second  in  1  x  10  years.  These  clocks  are  now  available  in 
credit  card  sizes! 

Length  and  its  derivatives 

Length  measuring  instruments  as  used  by  scientists  and  engineers  differ  largely  with 
respect  to  sensitivity  and  in  effect  the  number  of  significant  figures  indicating  the 
measurement.  The  common  ruler,  for  instance,  cannot  measure  better  than  about  0,2  mm  at 
the  best  and  an  error  of  the  same  magnitude  is  easily  made.  This  means  that  over  a  length  of 
10  mm  the  relative  error  is  0,2  per  10  mm,  which  is  equal  to  0,2/10  x  100%  =  2  %  relative 
uncertainty.  If  the  length  is  100  mm,  this  relative  uncertainty  decreases  to  0,2%.  In  the  case 
of  a  square  with  10mm  sides,  however  this  uncertainty  may  increase  to  4%,  with  a  value  of 
more  than  6%  if  a  cube  with  10  mm  sides  is  considered.  For  greater  precision  a  vernier 
should  be  used. 

The  accurate  measurement  of  line-of-sight  velocity  and  acceleration  is  greatly  facilitated 
by  quarts  controlled  radar  and  Doppler  radar  technology.  GPS  positioning,  also  reliant  on 
these  techniques,  can  be  done  with  great  accuracy.  The  distance  to  the  moon,  for  instance, 
using  radar  or  laser  technology,  can  be  measured  accurately  to  a  few  centimetres,  that  to 
satellites,  to  a  few  millimetres.  The  position,  speed,  acceleration  and  even  trajectory  of  shells 
and  missiles  (and  even  tennis  and  cricket  balls)  can  likewise  be  measured  with  great 
accuracy.  Handheld  units  are  also  available  for  short  distances.  This  technology  is  based  on 
the  revolutionary  Tellerameter  invented  50  years  ago  by  Dr  Trevor  Wadley  at  the  South 
African  CSIR,  who  initiated  quarts  crystal  controlled  oscillators. 

Other  instruments 

Many  measuring  techniques  rely  on  the  readout  from  a  pointer/scale  or  digital  display. 
The  former  operates  on  an  analogue  basis  and  has  the  same  limitations  as  that  of  a  ruler. 
Mechanical  failure  or  fatigue  may  also  result  in  less  accurate  readings,  for  instance  the 
pressure  meters  on  gas  cylinder  regulators,  especially  towards  the  higher  and  lower  ends  of 
the  scale  where  the  reading  error  may  be  in  the  order  of  a  few  per  cent.  Digital  read-outs  are 
far  more  accurate.  While  glass  thermometers  have  limitations  similar  to  those  of  an  ordinary 
ruler,  some  digital  electronic  temperature  meters  may  read  to  1/10  000  of  a  degree. 
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The  supplier’s  specification  sheets  should  be  considered  if  the  accuracy  and  precision  of 
a  particular  instalment  have  to  be  known.  It  may  also  be  established  by  experiment  by 
measuring  the  same  parameter  a  number  of  times. 

Calibration 

Reliable  analysis  depends  on  the  regular  calibration  of  the  measuring  instalments  and 
the  applicable  calibration  procedures  applied  on  a  regular  basis.  This  calls  for  stringent 
quality  control.  Measurements  should  always  be  traceable  to  a  country’s  national  standards. 

4.  BASIC  STATISTICS  OF  ERRORS 

Data  supplied  by  quantitative  analysis  and  testing  results  from  the  measurement  of  some 
parameter  such  as  mass,  volume,  density,  electrical  units,  explosives  properties,  etc. 
Whatever  the  fields  of  science  and  technology,  these  results  are  quantitative  and  should  be 
reliable.  The  various  factors  used  to  define  the  reliability  of  measurements  and  results, 
namely  precision  and  accuracy  will  now  be  discussed.  Since  there  is  no  sense  in  science  and 
technology  to  define  values  and  results  in  terms  of  various  subjective  statements  of  “good” 
or  “bad”,  it  must  be  described  in  absolute  terms  in  numerical  format.  In  order  to  achieve  this, 
basic  statistical  analysis  and  manipulations  are  used. 

4.1  Precision 

Precision  expresses  the  reproducibility  of  a  measurement,  that  is,  the  agreement  among 
themselves  of  several  measurements  of  the  same  substance  or  property.  It  is  sometimes  also 
known  as  repeatability.  Precision,  of  course,  relates  to  the  resolution  of  the  measurement, 
which  is  qualified  by  the  “size”  of  the  smallest  division  of  the  measuring  tool,  in  other 
words,  its  sensitivity.  An  ordinary  ailer,  as  an  example,  normally  has  a  resolution  of  about 
one  millimetre.  The  smaller  the  resolution  of  the  measuring  instalment,  the  better  the  chance 
for  the  introduction  of  variations  and  hence  an  assessment  of  adequate  measuring  sensitivity. 

To  illustrate  all  the  above  statements,  the  analysis  of  a  TNT/RDX  brisant  charge  will  be 
used  as  an  example.  Six  samples  from  the  same  batch  were  analysed  by  means  of  liquid 
chromatography  and  the  following  values  for  TNT  obtained: 

61,2;  61,1;  60,8;  61,7;  61,9;  60,6% 

The  variation  in  the  results  may  have  different  causes,  among  these: 

1.  The  batch  was  not  homogeneous  resulting  in  samples  that  were  not  exactly 
identical; 

2.  Preparation  of  the  sample  solutions  introduced  eaors  such  as  non-reproducible 
weighing  of  the  sample,  careless  use  of  the  volumetric  apparatus,  etc; 

3.  The  samples  were  analysed  by  different  analysts; 

4.  The  liquid  chromatograph  was  slightly  erratic  or  not  coaectly  used. 

The  reproducibility  or  precision  of  a  measurement  is  expressed  by  the  deviation,  d,  of 
that  measurement.  The  deviation  is  the  difference  between  the  measured  value  Xj  and  the 
arithmetic  average,  Xa,  of  all  the  measurements,  in  other  words,  d  =  |Xi  -  Xa|.  The  vertical 
bars  indicate  that  this  value  is  taken  without  regards  to  sign. 
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The  arithmetic  average  of  the  deviations,  da,  is  used  to  calculate  the  precision  or 
reproducibility  of  the  measurements.  This  is  an  absolute  value.  Note  that  additional  digits 
should  not  be  introduced  as  a  result  of  these  calculations. 

From  the  measurements  the  following  results  are  obtained: 


Observed  value  (X) 
60,7 
61,2 
61,1 

61.9 

60.9 

_ 60,8 

Xa  =  61,1 


Deviation  (Xi  -  XQ 
0,4 
0,1 
0,0 
0,8 
0,2 

_ 03 _ 

da=  3  d/6  =  0,3 


Since  absolute  deviation  is  a  number  that  is  rather  meaningless,  the  relative  deviation  is 
of  more  practical  value.  Relative  deviation  relates  da  with  respect  to  Xa  and  is  expressed  as  a 
fraction,  da/Xa,  or  as  a  percentage,  (da/Xa)  x  100  %.  The  above  average  relative  deviation  is 
therefore  reported  as  a  fraction  0,3/61,1,  or  more  convenient  as  a  percentage,  (0,3/61,1)  x 
100  =  0,5  %,  or  since  this  value  is  quite  small,  as  parts  per  thousand,  (0,3/61,1)  x  1000  = 
5  %o.  Care  should  be  taken  that  superfluous  significant  figures  are  not  generated  in  the 
process. 

Laboratory  analysis  are  frequently  based  on  the  average  of  triplicate  measurements.  In 
this  case  no  statistical  manipulations  are  possible. 


4.2  Range 

Range  is  simply  the  difference  between  the  largest  and  the  lowest  results.  It  is  expressed 


R  X  largest  Xiowest 


Range  can  also  be  expressed  in  relative  terms.  In  the  above  example,  R  =  61,9  -  60,7  = 
1,2,  and  the  relative  range  is  (1,2/61,1)  x  1000  =  20  %o.  Range  has  little  value  for  indicating 
the  spread  of  a  large  number  or  population  of  measurements.  For  a  smaller  number  it 
becomes  more  meaningful  as  indicator  of  the  dispersion  of  results.  If  n  =  3  to  10,  for 
instance,  range  can  be  used  to  express  the  average  deviation  since  in  these  cases  the  average 
and  even  the  standard  deviation  are  poor  estimates  of  precision.  With  only  two 
measurements,  the  range  and  the  average  provide  all  the  information  about  the 
measurements. 


Since  the  true  value  of  the  quantity  measured  is  usually  unknown,  deviations  can  be 
used  to  express  the  reliability  of  measurements. 


4.3  Rejection  of  a  Result 

In  the  previous  example,  one  of  the  values,  61,9,  seems  to  differ  widely  from  the  other. 
The  question  now  arises  whether  this  value  should  be  accepted.  If  the  cause  of  its  large 
deviation  is  known,  the  value  should  obviously  not  be  included  in  the  series.  However,  it 
may  happen  that  the  cause  for  this  unacceptable  deviation  is  unknown.  There  are  statistical 
rules  that  can  then  be  used  to  decide  whether  the  suspected  value  should  be  rejected  or  not. 
Testing  for  rejection  of  a  measurement  is  conducted  as  follows: 
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If,  in  a  series  of  four  or  more  values,  one  value  appears  to  differ  widely  from  the  other 
values,  the  suspected  value  is  temporarily  rejected,  and  the  mean  of  the  other  measurements 
and  the  average  deviation  are  computed.  If  the  deviation  of  the  suspected  value  from  the 
mean  of  the  other  values  is  more  than  four  times  the  average  deviation,  the  suspected  value 
should  be  discarded;  otherwise  it  must  be  retained,  and  a  new  average  and  average  deviation 
computed. 

This  rather  obscure  definition  will  become  clear  if  the  previous  calculation  is  considered. 
A  clue  to  which  value  (if  any)  may  be  suspected  is  best  obtained  by  rearranging  the 
measurements  in  a  particular  order,  say  from  the  highest  to  the  lowest,  and  observing  the 
differences  between  adjacent  values.  It  should  be  obvious  that  either  the  lowest  or  the 
highest  measurement  in  the  series  will  be  suspect.  The  deviation  (1,0)  of  the  suspected  value 
(61,9)  in  the  following  calculation  is  more  than  four  times  the  average  deviation  of  the  other 
values  (0,2)  and  is  therefore  rejected.  The  relative  average  deviation  of  the  remaining  results 
is  now  =  0,2/60,9,  or  3  %o. 

Observed 
[61,9] 

61,2 
61,1 
60,9 
60,8 
60,7 
Xa=  60,9 

4.4  Accuracy 

The  correctness  of  a  measurement  is  defined  by  its  accuracy,  that  is,  the  agreement  of 
the  average  value  with  the  “true  value”,  p.  The  true  value  of  the  constituents  of  a  commercial 
sample  is  not  generally  known.  The  value  12,000000  ....  for  the  atomic  mass  of  the  carbon 
12  isotope,  is  an  exception.  It  was  arbitrarily  chosen  as  a  reference  for  the  relative  masses  of 
other  atoms  as  determined  experimentally.  The  value  obtained  by  counting  the  number  of 
cartridges  in  a  case  or  the  number  of  drilled  holes  on  a  stoping  face  is  a  true  value  since  there 
is  no  uncertainty  about  these  numbers.  Data  generated  during  quantitative  analysis,  however, 
is  generally  obtained  not  by  counting  but  by  measuring  parameters  such  as  grams,  millilitres, 
metres  per  second,  kilojoules  per  kilogram,  etc.  During  such  measurement  discrepancies 
may  arise  as  result  of  one  or  more  errors  that  may  be  made  at  any  stage.  The  “true  value”  is 
likely  to  be  the  most  probable  value  as  derived  through  the  application  of  statistical  methods 
for  the  evaluation  of  data  obtained  by  repeated,  careful  measurement.  Since  this  paper 
mainly  deals  with  factors  affecting  reliability  and  obtaining  correct  answers,  little  attention 
will  be  given  to  these  statistical  methods. 

Standard  samples  are  essential  for  the  accurate  calibration  of  a  process  or  a  product.  In 
some  cases  standard  samples  such  as  those  issued  by  the  British  Bureau  of  Analysed 
Samples,  Ltd,  and  provided  by  many  suppliers  of  laboratory  products  may  be  used.  These 
samples  represent  metal  alloys,  ores,  cement,  etc  and  are  issued  with  certificates  reporting 
the  concentrations  of  components  as  found  by  a  number  of  recognised  analytical  experts. 
The  analytical  methods  used  are  also  stated  on  the  certificate.  The  concentrations  of  the 
various  ingredients  are  hence  regarded  as  “true”  values  and  can  be  used  to  calibrate  in-house 
techniques  and  samples.  Unfortunately  no  such  standard  samples  exist  for  many  commercial 
products,  especially  energetic  materials  such  as  explosives.  (An  exception  is  vials  containing 


Deviation 

[1,0]  Temporarily  rejected: 

0,1 
0,0 
0,2 
0,3 
0,4 
da=  0,2 
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micrograms  per  litre  standard  solutions  of  explosives  that  may  be  used  for  the  calibration  of 
chromatographs.)  The  main  problem  is  that  suppliers  are  not  prepared  to  incur  the  cost 
involved  by  licensed  magazines,  apart  from  problems  with  legal  transport.  Since  efficient 
quality  control  is  important,  one  or  other  form  of  reference  standard  is  essential.  These  may 
be  obtained  by  selecting  samples  from  a  batch  of  explosives,  ammunition  or  any  relevant 
materials  that  are  deemed  to  be  of  high  quality  or  acceptable  performance  and  that  conforms 
to  the  set  specifications.  Selection  should  follow  standard  sampling  procedures.  For 
laboratory  purposes  it  is  fairly  easy  to  obtain  pure  reference  samples  of,  for  example,  high 
explosives  such  as  TNT,  RDX,  PETN,  etc.  by  repeated  re-crystallisation  of  commercial 
grade  materials. 

Provided  that  the  measuring  tool  is  sufficiently  sensitive  to  detect  the  existent  level  of 
variability  all  experimental  measurements  will  be  variable.  It  is,  in  fact,  important  that 
measurements  should  exhibit  a  small  variability  and  not  be  all  the  same.  This  enables  the 
analyst  to  estimate  the  magnitude  of  the  smallest  observable  effect,  or  the  quantitative 
reliability  of  a  measured  difference.  Students,  especially,  try  to  get  similar  readings  in  order 
to  boast  about  their  precise  abilities! 

As  a  practical  example  the  distance  to  a  nearby  magazine  may  be  measured  using  a  car 
with  an  odometer  not  indicating  tenths  of  a  kilometre.  It  is  likely  that  no  variation  in  the 
reading  will  be  obtained,  indicating  a  non-sensitive  measuring  unit.  On  the  other  hand,  using 
a  surveyor’s  distance  measuring  wheel  may  result  in  too  many  uncertain  figures,  indicating  a 
too  sensitive  measuring  device.  A  normal  car  will  do  the  trick! 

4.5  Error 

Accuracy  is  quantified  by  the  error  (E),  which  is  the  difference  between  an  observed  or 
measured  value,  X; ,  and  the  true  (most  probable)  value,  p.  In  other  words:  p  =  X;  -  p. 

When  calculating  the  error,  account  should  be  taken  of  whether  it  has  a  positive  or 
negative  value.  Referring  to  the  analysis  of  the  TNT/RDX  mixture,  assume  the  true  value,  p, 
to  be  61,0%.  We  now  have: 


Observed  (XQ 


Error  (X,  -  u) 


61,2 

+0,2 

61,1 

+0,1 

60,9 

-0,1 

60,8 

-0,2 

60,7 

-0,3 

60,9 

da  =  -0,1 

The  same  error,  in  sign  and  magnitude,  is  directly  obtained  by  subtracting  the  true  value 
from  the  mean  of  the  retained  observed  values  (60,9  -  61,0  =  -0,1).  This  the  same  as  by 
taking  the  algebraic  average  of  the  individual  errors  (-  0,3/5  =  -1). 

As  for  deviations,  the  absolute  error  is  of  little  significance.  The  error  relative  to  the  true 
value,  E/p  expressed  in  suitable  units,  is  of  more  practical  value.  This  is  illustrated  in 
Table  4. 
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Table  4.  Magnitude  or  the  relative  error 


Measured  value,  Xj 

33 

303 

3003 

True  value,  p 

30 

300 

3000 

Absolute  error,  E 

3 

3 

3 

%  Relative  error,  (E/p)  x  100 

10 

1 

0,01 

Although  the  absolute  error,  3,  is  the  same  in  each  case,  the  relative  errors  are  widely 
different 

4.6  Reliability  and  its  relation  to  accuracy,  precision  and  resolution. 

An  almost  constant  source  of  error  during  measuring  may  cause  the  values  to  be  precise 
without  necessarily  being  accurate.  Important  is  that  good  precision  (small  relative 
deviation)  does  not  necessarily  imply  good  accuracy  (small  relative  error).  The  well-known 
example  illustrated  in  Figure  1  will  be  helpful  in  distinguishing  between  precision  and 
accuracy. 


Fig  1.  Precision  and  accuracy  as  illustrated  by  target  shooting 

It  represents  three  targets  at  each  of  which  five  rifle  rounds  have  been  fired.  In  the  case 
of  target  (a)  the  shots  are  precise  if  the  one  shot  at  the  “ten  o’clock”  position  is  disregarded. 
Since  they  are  not  in  the  bull’s-eye,  they  are  obviously  not  accurate.  The  way-off  shot  could 
be  due  to  some  determinate  equipment  error  (see  part  4.1)  such  as  non-calibration  of  the 
rifle’s  sight.  Otherwise  it  could  be  due  to  a  personal  error  such  as  not  compensating  for  the 
wind.  It  then  has  to  be  discarded.  If  the  reason  for  a  large  deviation  is  unknown,  testing  for 
rejection  in  the  case  of  any  measuring  situation  like  in  analytical  chemistry  can  be  conducted 
by  means  of  statistical  methods.  On  target  (b)  the  hits  are  neither  precise  nor  accurate  since 
the  deviations  are  both  large  and  random  and  probably  indicate  considerable  lack  of  skill  of 
the  rifleman.  The  possible  argument  that  the  average  location  of  the  shots  is  in  or  near  the 
bull’s-eye  would  certainly  not  satisfy  the  general!  In  (c)  the  hits  are  both  precise  and 
accurate.  This  indicates  good  marksmanship  and  by  the  same  token,  reliability!  This 
candidate  will  receive  top  marks.  Experience  has  shown  that  poor  accuracy  accompanied  by 
good  precision  can  be  rectified  in  a  candidate  by  proper  training  methods. 

This  example  may  be  applied  to  many  analytical  and  measuring  situations.  It  defines  the 
reliability  of  the  operator  and  may  be  used  to  select  candidates,  instruments  or  techniques. 


257 


Careful  measurements  may  yield  a  number  of  closely  related  values  with  a  high  probability 
that  the  true  value  lies  in  the  middle  of  a  very  narrow  range.  Use  of  the  term’s  true  value, 
error,  and  accuracy  in  their  real  sense  can  then  be  used  to  evaluate  the  reliability  of 
measurements  and  in  investigating  the  kinds  and  sources  of  errors. 

5.  CLASSIFICATION  OF  ERRORS 

Two  types  of  errors  are  experienced  during  measurement  and  analysis: 

5.1  Determinate  Errors 

Determinate  errors  are  errors  that  may  either  be  avoided  or  for  which  corrections  can  be 
applied  after  their  magnitude  was  determined. 

An  error  of  the  same  sign  and  magnitude  during  multiplicative  measurements  is  not 
always  revealed  by  a  lack  of  precision.  This  is  an  example  of  a  constant  error  that  is  not 
suspected  and  that  may  lead  to  a  false  interpretation  without  the  analyst  being  aware  of  its 
presence.  Examples  are  cited  below.  To  prevent  its  occurrence  in  new  analytical  method  and 
without  the  availability  of  a  suitable  calibration  standard,  it  is  good  practice  to  conduct  the 
analysis  by  using  an  alternative  method  based  upon  a  completely  different  physical 
technique  or  principle.  It  is  rather  unlikely  that  errors  of  the  same  sign  and  magnitude  would 
be  present  if  widely  different  methods  are  used.  Any  discrepancy  in  the  results  of  different 
methods  may  lead  to  the  source  of  the  error.  Measuring  the  composition  of  a  TNT/RDX 
charge,  for  instance,  is  normally  rapidly  conducted  by  means  of  liquid  chromatography.  To 
check  this  method,  a  rather  lengthy  but  accurate  volumetric  or  extractive  gravimetric  method 
may  be  used.  It  is  easier,  though,  to  calibrate  the  liquid  chromatograph  with  pure 
recrystallised  explosives. 

In  the  case  of  variable  determinate  errors,  also  known  as  systematic  errors,  it  is  not  only 
the  amount  but  even  the  sign  that  may  change  if  conditions  are  changed.  If  the  manner  of  the 
variation  is  known,  corrections  can  then  be  applied.  For  example,  the  effect  of  temperature 
on  the  volume  of  volumetric  glassware  or  on  the  efficiency  of  an  extractive  process  can  be 
compensated  for. 

There  are  many  types  or  sources  of  determinate  errors  during  measurement  and  analysis. 
Some  of  the  more  common  ones  are  mentioned  below: 

•  Errors  caused  by  the  equipment  being  used.  These  include  the  use  of  non- 
calibrated  measuring  devices  (volumetric  apparatus,  balances,  timers, 
measuring  gages),  etc. 

•  Failure  to  compensate  for  all  the  parameters  that  affect  ballistic  performance. 
(Wind  speed,  the  Coriolis  effect,  etc). 

•  Errors  due  to  impure  materials,  the  impurities  interfering  with  the  method  of 
analysis.  Secondary  synthesis  products  may,  for  instance,  affect  the  results. 

•  Personal  errors  are  caused  by  a  limited  ability  of  the  analyst  to  make 
observations  with  certainty.  Colour  blindness  may,  for  instance,  cause 
problems  during  volumetric  analysis.  It  is  difficult  to  avoid  or  evaluate  the 
magnitude  of  these  known  errors.  They  may  be  more  or  less  constant  and 
therefore  not  revealed  by  a  lack  of  precision.  A  tendency,  especially  among 
beginners,  is  to  allow  prejudice  to  overcome  judgment  by  adjusting  slightly 
differing  measurements  to  agree  with  one  another  in  order  to  obtain  an 
acceptable  answer. 

•  Methodic  errors  are  caused  by  the  physical  and/or  chemical  properties  of  the 
system  being  analysed.  The  problem  is  that  the  magnitude  and  sign  of  these 
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errors  are  constant  if  the  analytical  conditions  during  a  series  analysis  remain 
the  same.  As  already  pointed  out  they  may  be  revealed  by  changing  the 
conditions  or  using  a  different  method.  The  necessary  corrections  may  then  be 
applied. 

•  Operational  errors  are  caused  by  inexperience,  carelessness  or  failure  to  follow 

the  prescribed  procedures,  which,  in  the  case  of  the  explosives  industry,  may  be 
fatal!  Some  examples  are  spillage  of  materials,  incorrect  filling  of  shells, 
failure  to  apply  known  corrections,  etc.  To  this  should  be  added  errors  that 
arise  during  calculations,  a  weak  spot  with  beginners.  Careless  errors  should 
not  be  tolerated.  Fortunately  operational  errors  tend  to  decrease  as  the  skills, 
experience,  and  understanding  of  the  analyst  improves.  What  initially  appear  to 
be  indeterminate  errors  by  the  beginner  eventually  turn  into  variable 
determinate  errors  in  the  hands  of  an  experienced  analyst. 

It  happens  that  certain  errors  experienced  during  an  analysis  seem  to  be  constant,  both 
with  respect  to  magnitude  and  sign  if  the  quantity  or  magnitude  of  the  component  being 
determined  changes.  A  non-calibrated  timing  device,  for  instance,  may  result  in  fairly 
precise  but  erroneous  VOD  values.  Some  errors,  in  turn,  are  proportional  to  the  quantity  of 
the  sample.  The  absorption  of  moisture  or  retention  of  mother  liquor  or  impurities  during 
crystallization  may  serve  as  examples. 

Some  errors  will  always  have  the  same  sign.  Non-calibrated  instruments  may  introduce 
constant  negative  or  positive  errors.  Contamination  by  impurities  is  another  example. 
During  multiple  analysis  positive  errors  arising  in  one  procedure  may  be  more  or  less 
cancelled  by  negative  errors  in  another. 

In  all  instances  awareness  of  possible  errors  that  may  arise  during  an  analytical  or 
measuring  process  should  be  anticipated  and  corrected  for  if  the  result  has  to  meaningful. 
Keep  in  mind  that  calibration  standards  in  the  explosives  industry  hardly  exist. 

5.2  Indeterminate  Errors 

The  identification  of  and  correction  for  determinate  errors  may  still  leave  slight 
variations  in  the  source,  magnitude,  and  sign  of  the  resulting  answer.  Invariably  these 
differences  cannot  be  predicted  nor  estimated.  They  are  known  as  indeterminate  errors. 
They  follow  the  law  of  chance  or  probability  and  are  also  known  as  random  errors.  Since 
they  are  indeterminate,  no  examples  can  be  provided.  Their  study  and  quantification  calls  for 
more  advanced  statistical  measures  that  do  not  fall  within  the  scope  of  this  paper  and  involve 
application  of  the  laws  of  probability  that  will  reveal  the  reliability  of  the  measurements. 
These  laws  are  based  on  the  fact  that: 

1 .  Very  large  errors  occur  only  seldom. 

2.  Small  errors  occur  frequently 

3.  Positive  and  negative  errors  occur  with  equal  frequency  with  the  most 
probablevalue  provided  by  the  arithmetic  mean  of  the  measured  values. 

These  rules  apply  only  to  situations  involving  a  very  large  population  or  a  number  of 
observations  or  measurements  and  are  represented  graphically  in  the  form  of  the  normal 
error  or  frequency  curve,  also  known  as  the  Gaussian  distribution  curve,  where  the  X-axis 
represents  magnitude  and  the  Y-axis  frequency. 

6.  CONCLUSION 
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In  summary  it  can  be  stated  that  ultimate  reliability  depends  on  various  factors,  e.g.: 

•  The  ability  of  the  analyst  to  take  measurements  and  readings  that  are  both  precise 
and  accurate.  This  calls  for  thoroughness. 

•  The  ability  to  correctly  calculate  the  final  answer,  not  forgetting  to  include  the 
appropriate  units.  This  involves  correct  conversion  between  different  units  of 
measure  and  confident  handling  of  calculators  or  other  computing  devices. 

•  The  ability  to  visualise  the  final  answer.  Inability  to  do  this  may  result  in  answers 
that,  due  to  one  or  other  miscalculation,  are  orders  out  without  the  analyst  seeming 
to  realise  the  big  mistake! 

•  Finally  it  should  be  emphasised  that  analytical  results  are  as  good  as  the  sampling 
technique.  The  laboratory  sample  should  be  the  result  of  sampling  units  that  have 
been  collected  in  a  systematic  way,  the  correct  reduction  of  the  gross  sample,  a 
combination  of  sampling  units,  and  proper  care  of  the  material  to  prevent 
unnecessary  exposure  to  the  atmosphere  and  heating  during  grinding  procedures. 
Otherwise  the  results  may  be  meaningless, 


7.  ANSWERS  TO  EXERCISES 


Exercise  1: 
Exercise  2: 

Exercise  3 : 

Exercise  4: 


(a)  5,  (b)  3,  (c)  2,  (d)  4,  (e)  4,  (g)  4,  (h)  6),  (I)  4. 

460;  (b)  400;  (d)  2,90  x  103;  (e)  7,54  x  10'7;  (f)  3,05  x  103; 
(g)  1,68  x  104;  (h)  230;  (i)  2,62  x  1011. 

1(a)  17,8;  (b)  2,90  x  106.  (iflO4  is  selected,  additional 
uncertain  figures  will  be  introduced) 

2(a)  25,28;  (b)  25,6  (the  average  deviation  is  more  than  0,1 
indicating  uncertainty  of  the  first  decimal) 

(a)  20,6 

(b)  4,8  dm3 


This  last  calculation  has  been  used  by  the  author  for  more  than  three  decades  to  evaluate 
the  calculating  skills  of  students.  In  the  first  place  it  tests  the  ability  to  correctly  convert  a 
linear  dimension  measured  in  millimetres  to  a  volumetric  one  expressed  in  cubic  decimetres. 
Secondly  it  must  be  noticed  that  the  weak  link  in  the  calculation  is  the  diameter,  2,1  x  10“ 
mm,  which  must  be  written  in  this  way  since  the  first  decimal  is  the  uncertain  one.  This  is 
because  of  the  difficulty  of  measuring  the  diameter  of  the  ball  with  a  straight  ruler.  (Of 
course  there  are  other  methods  of  measure  the  diameter  more  accurately!)  In  the  third  place 
the  ordinary  calculating  skills  are  tested.  Fourthly  the  correct  approximation  should  be 
performed.  The  calculator’s  4,849677  ...  must  be  converted  to  indicate  the  relative 
uncertainty  of  the  weakest  link,  which  is  1/21.  Lastly,  visualisation  of  the  answer  would 
prevent  silly  answers  such  as  4,8  x  10  to  4,8  x  10"  dm  presented  by  students  who  smilingly 
believed  that  their  answers  are  correct.  With  a  little  visualisation  these  microscopic  or 
macroscopic  results  could  have  been  obviated  if  the  round  ball  is  seen  as  a  box,  maybe 
having  a  volume  between  about  3  to  10  dm  .) 
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Abstract: 

Samples  of  single  based  propellan  t  (SBP)  and  double  based  propellan  ts  (DBP)  stored  a 
long  time  in  non-heated  military  store  houses  were  investigated  up  to  393  K.  The 
dependences  temperature  /  deformation  were  made  by  the  heating  rate  2°C/min.  and  the 
values  of  glass  transition  temperature  (Tf  were  determined.  With  the  Flory-Fox-Biky 
equation  the  values  of  Tg(00)  and  K  were  calculated.  After  measuring  the  dimensions  of 
the  samples  in  several  temperatures  were  calculated  the  coefficient  of  thermal 
expansion  of  the  propellants.  The  influence  of  the  time  of  storage  of  the  propellants  on 
their  properties  was  determined. 

Keywords:  propellants,  thermo  mechanical  dependence, 

coefficien  t  of  thermal  expansion. 


1.  INTRODUCTION 

The  decreasing  of  the  nitrogen  content  of  nitrocellulose  (NC)  in  propellants  during  their 
ageing  change  the  configuration  and  conformation  of  the  macromolecules.  The  obtaining  of 
-OH  groups  in  the  place  of-NCF  groups  in  different  positions  in  the  glucoside  rings  lead  to 
the  possibility  of  H-bond  formation  and  to  change  of  the  crystallinity  of  the  propellants.  In 
the  ageing  the  decreasing  of  the  molecular  weight  of  NC  and  the  increasing  of  molecular 
weight  distribution  take  place  after  the  braking  of  oxygen  bonds.  All  these  processes  must  to 
change  the  thermo  mechanical  properties  of  NC  in  propellants,  the  plastic  and  elastic 
deformation  and  the  coefficient  of  thermal  expansion  (CTE).  Near  to  glass  transition 
temperature  (Tg)  CTE,  deformation  and  the  dimensions  of  the  sample  change  their  values 
because  the  increasing  of  free  volumes  and  of  segmental  movement  in  macromolecules. 

In  the  literature  was  published  the  equation 

(  aL- aG)  •  Tg  =  const  (1) 

where  aL  and  a  g  are  the  CTE  above  and  below  Tg  . 

In  [1]  was  given  another  equation: 

A  (a max  "  CL  min)/ amax  (2) 

and  this  value  depend  from  the  hardness  of  the  materials. 

From  the  dependence  CTE  versus  temperature  is  possible  to  be  determine  the  value  of 
Tg.  The  value  of  Tg  is  possible  to  be  obtaining  and  directly  from  thermo  mechanical  curves. 
The  aim  of  the  investigation  is  the  determination  of  the  values  of  CTE  ,  Tg  and  Tg(ao)  of  SBP 
and  DBP,  their  thermo  mechanical  curves  and  the  dependence  of  the  obtained  results  from 
the  time  of  storage  in  non  heated  military  store  houses  -  the  time  of  ageing  of  the  propellants. 
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2. 


EXPERIMENTAL 


The  samples  of  pyroxylin,  nitrodiglycole/NC  (NDG)  and  nitroglycerine/NC  (NG) 
propellants,  produced  in  Arsenal  AD,  Bulgaria,  stored  a  different  time  in  non-heated  military 
store  houses  were  investigated.  The  values  of  CTE  were  determined  from  254  K  to  383  K  by 
measuring  the  longitude  of  the  samples  by  accuracy  from  0.001  to  0.1  mm.  The  thermo 
mechanical  curves  were  determined  by  apparatus  with  the  heating  of  the  samples  from  295 
K  to  415  K  by  rate  2  K/min  and  accuracy  of  measurement  of  deformation  0.01  mm. 

3.  RESULTES  AND  DISCUSSION 

The  investigation  of  SBP  by  apparatus  “Crater”  is  a  standard  method  for  their 
characterization.  In  f2'  was  described  the  modified  version  -  the  values  of  the  rates  of  gas 
release  were  differentiated  and  was  obtained  a  linear  dependence  with  the  time  of  storage  of 
propellants.  In  our  previous  investigations  of  SBP,  ageing  a  different  long  periods  were 
determined  the  decreasing  of  the  molecular  weight  of  NC  and  increasing  of  its  molecular 
weight  distribution  131 .  In  the  literature  have  a  lot  of  information  for  the  investigation  of 
ageing  processes  by  IR  spectroscopy.  The  conformations  of  molecules  of  a  -NCF  substituted 
low  molecular  carbo-hydrates  are  the  reason  for  doublets,  triplets  and  quadropletes  in  the 
absorbance  at  1660  cm"1  in  their  IR  spectra  f4'.  The  most  of  authors  confirmed  the  existence 
of  a  doublet  at  1660  cm"1  in  IR  spectra  of  NC  because  of  a  smaller  numbers  of  conformations 
of  the  macromolecules.  In  f5'  was  described  a  IR  spectra  of  a  long  stored  SBP  with  triplet  in 
the  peak  at  1660  cm"1,  connected  by  decreasing  of  the  molecular  weight  and  with  H-bond 
formation  shown  by  the  shift  of  the  bands  and  by  the  ratios  Ai  -  A3340  /  A  max*  and  A2=  A3314/ 
A  max.  In  this  way  the  IR  data  confirm  the  processes  during  the  ageing  of  propellants. 

The  values  of  Tg  and  melting  points  of  polymers  were  connected  with  their  molecular 
weight.  According  to  the  equation  of  Flory-Fox-Biky 

Tg  =  Tg(oo K/M  (3) 

where  K  is  constant,  different  in  every  polymer  ,  the  values  of  Tg  increased  with 
increasing  of  the  molecular  weight  to  the  limit  T(o0)  .  The  reason  for  this  dependence 
according  to  some  of  authors  is  the  decreasing  of  the  concentration  of  the  ends  groups.  The 
values  for  the  investigated  SBP,  calculated  by  equation  (3)  are: 

Tg(oo)  =  390  K  ;  K  =  1 630. 103  (  from  the  data  of  Mn  ) 

Tg(oo)  =  416  K  ;  K  =  1520.103  (  from  the  data  of  Mw) 

According  to  f6'  the  value  of  Tg  of  NC  is  440  K.  It  is  well  known,  that  after  393  K  in 
propellants  start  the  gas  release  and  in  this  way  the  obtained  results  for  higher  temperatures 
are  no  a  real  one.  The  stabilizers  content  in  SBP  and  the  low  molecular  components  of  DBP 
change  the  values  of  Tg  too.  I  this  way  the  obtained  results  belong  to  the  analyzed  samples. 

The  dependences  longitude/  versus  temperature  of  samples  of  SBP  and  DBP  stored 
different  time  in  non-heated  military  store  houses  are  in  figures  from  1  to  7. 
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Fig  1,2,3.  Dependence  of  the  longitude  1,  mm  of  SBP,  stored  45  (1),  27(2),  21(3) 
years  from  the  temperature,  K 


Fig  4.  Dependences  of  the  longitude,  1  [mm] 
of  NDGP  stored  21  years 


Fig  5,6,7.  Dependences  of  the  longitude,  1  [mm]  of  NGP  stored  50  (5),  30  (6), 

2 1  (7)  years 

From  the  points  of  braking  the  linear  dependences  were  determined  the  values  of  Tg, 
given  in  fig.  8. 


It  is  evident  that  the  values  of  Tg  decreased  by  the  increasing  of  the  time  of  ageing, 
because  the  molecular  weights  decreased  too.  In  this  way  the  values  of  Tg  is  possible  to 
characterize  the  ageing  of  propellants. 
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Fig  9,10,11-  Dependence  of  the  CTE  from  the  temperature  for  SBP,  stored  45  (9),  27 
(10),  21  (11)  years 
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Fig  12,13,14.  Dependence  of  the  CTE  from  the  temperature  for  NG,  stored  50  (12), 
30  (13),  21  (14)  years 
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Fig  15.  Dependence  of  the  CTE  from  the 

temperature  for  NDG,  stored  21  years 


From  the  dependences  longitude  -  temperature  were  calculated  the  values  of  CTE.  The 
obtained  results  are  in  figures  from  9  to  15.  It  is  evident  that  in  several  dependences  CTE 
versus  temperature  have  minimums  around  Tg,  but  the  calculations  by  the  equation  (2)  are 
difficulties.  In  this  way  the  application  of  the  differences  in  CTE  around  Tg  for  the 
characterization  of  the  ageing  of  propellant  is  no  correct. 
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The  thermo-mechanical  curves  of  the  samples  of  propellants  are  in  figures  from  16  to 
19. 


300  320  340  360  380  400 


280  300  320  340  360  380  400 

Temperature,  K 


300  320  340  360 

Temperature,  K 


380  400 


Fig  16,17,18.  Thermo-mechanical  curve  of  SBP,  stored  60  (16),  45  (17), 
21  (18)  years 
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Fig  19.  Thermo-mechanical  curves  of  NGP 


It  is  evident  that  the  process  of  cold  crystallization  takes  place  in  SBP.  For  NGP  the 
values  of  Tg  were  determined:323  K,  333  K  and  345  K  for  samples  stored  50,30  and  21 
years.  The  obtained  results  confirm  the  data  in  fig. 8  and  the  possibility  of  application  of 
thermo-mechanical  curves  for  characterization  of  the  ageing  of  propellants. 

4.  CONCLUSION 

By  the  determination  of  Tg  and  thermo-mechanical  curves  of  SBP  and  DBP  is  confirmed 
that  these  methods  are  sensitive  to  the  time  of  storage  -  the  processes  of  ageing  of 
propellants. 
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Abstract: 

This  paper  includes  the  solution  of  testing  Solid  Propellant  Rocket  Motor  with  erosive 
burning  part  of  burning  process  when  gas  generator  is  used  for  the  purpose  mentioned. 
Students  of  doctor’s  study  programs  of  Military  Academy  in  Brno  and  members  of 
Explosia  a.s.  provided  the  realisation  of  these  tests. 

Keywords:  erosive  burning,  solid  propellant,  gas  generator 


1.  INTRODUCTION 

The  Solid  Propellant  Rocket  Motor  (SPRM)  with  high  level  of  specific  impulse  needs  to 
realize  the  case  of  erosive  burning  of  solid  propellant.  There  is  the  problem  with  free  cross- 
section  of  Combusting  Chamber  (CC).  High  velocity  of  gas  stream  brings  very  important 
influence  to  the  surface  of  propellant  and  internal  surface  of  chamber  (see  Fig.l).  Mainly 
when  the  burning  process  is  starting. 

Wall  of 
CC 

Protective 
layer 

Free  cross- 
section  of  CC 

Solid 
propellant 


Fig  1.  Cross-section  of  combustion  chamber  (where  D  is  external  diameter  of  CC, 
Di  is  internal  diameter  of  CC  (with  out  of  protective  slide),  D  i  is  internal 
diameter  of  CC  (with  the  protective  slide),  D2  is  external  diameter  of  mass 
propellant  and  D3  is  internal  diameter  of  mass  propellant). 
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The  flow  of  burnt  elements  passes  through  the  free  cross-section  of  CC.  The  situation 
can  be  described  by  the  coefficient  of  filling  of  combusting  chamber  Ksk  .  At  the  beginning 

of  burning  process  the  products  of  burning  flow  through  the  channel  with  the  lowest  cross- 
section  has  the  maximum  velocity.  Then  his  value  goes  to  lower  according  to  the  burning 
rate.  The  erosion  kind  of  burning  is  expired  in  the  first  part  of  mass  propellant  burning. 

There  is  convenient  to  pay  an  attention: 

■  Theoretical  computation  of  values  of  the  solution  boundary  condition, 

■  Drawing  and  production  of parts  of  testing  motor, 

■  Providing  of  testing  place  for  pressure  and  thrust  measurement, 

■  Realization  of  experimental  tests, 

■  Evaluation  of  tests  results, 

■  Comparing  of  values  from  tests  with  theoretical  computation, 

■  Conclusion  and  discussion  of  the  results, 

■  Giving  the  results:  (i)  Tables  of  values  of  constants  of  erosive  burning  and 
(ii)  Graphical  expression  of  dependence  between  erosive  burning  and  velocity  of 
gas  stream. 


2.  THEORY 

Values  of  gas  pressure  inside  of  the  CC,  burning  temperature  and  velocity  of  gas  flow 
are  important  parameters  to  express  the  function  of  SPRM.  These  values  determine  the  rate 
of  burning,  which  we  can  be  expressed  as  follows  1,1 

u  =  u0f(Tph)g(p)h(w),  (1) 

where  uq  is  burning  rate  constant,  function  f(Tpf  includes  sensitivity  of  SP  with  respect 
to  the  temperature  of  SP  surface,  g(p)  is  the  pressure  function  of  gasses  inside  of  CC  and 
h(w)  determine  the  function  of  gas  velocity  influence  regarding  erosive  burning.  The 
erosive  burning  rate  of  rocket  motors  can  be  expressed  as  follows  11,41 

ue  ~  uo  f(Tph )  pask  Ke ,  (2) 

where  uo  is  unit  burning  rate,  psk  is  pressure  of  gases  inside  of  CC,  a  is  exponent  of 
burning  and  Ke  >  1  is  the  parameter  of  erosive  burning. 

Parameter  Ke  of  erosive  burning  SP  can  be  expressed  from  one  of  next  equation  f1,21 

Ke=l  +  Kw(w-wmez), 

Ke  =  \  +  Ka(A- Amez) ,  (3) 

Ke  =  \  +  Kd{8-8mez), 

where  Kw,  KA  and  K§  are  kinds  of  expressions  for  coefficients  of  SP  sensitivity  towards 
the  erosive  burning,  A  =  w  /  ct-  is  a  dimensionless  rate  of  gas  velocity  where  ct-  is  critical 
velocity  of  sound  and  S=( pw)/( pa-ecr)  is  a  mass  velocity  of  gas  velocity  with  relevant  density 
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p,  Wmez  is  a  critical  speed  level  of  erosive  burning  rate  (wmez  ~  (100  -  150)  m.s’1)  11,41 ,  Xmez  is 
a  critical  dimensionless  velocity  of  erosion  burning  rate  (Xmez~  0,1)  and  Smez  is 
dimensionless  level  of  mass  erosive  burning  rate  increase. 


Usual  expression  of  internal  ballistics  solution  can  be  mentioned  in  following  manner  : 
1)  Solution  of  long  and  thick  SP  grain  (see  Fig  2). 


Fig  2.  Scheme  of  rocket  motor  with  a  long  and  thick  SP. 


2)  Solution  of  SP  charge  using  gas  generator  (GG)  in  order  to  obtain  gas  stream  velocity 
to  be  able  to  increase  same  conditions  as  first.  There  is  chance  to  change  the  gas  velocity 
through  the  CC  free  cross-section,  as  shown  in  Fig. 3. 141 


Fig  3.  Scheme  of  rocket  motor  with  the  gas  generator. 


The  first  solution  requires  relative  big  values  of  the  grain  length  LPh  and  great  numbers 
of  nozzles.  Due  to  the  mentioned  the  costs  experiments  will  be  rised.  On  the  other  side  the 
second  solution  allows  simulate  wide  interval  of  gas  velocity  whereas  the  velocity  can  be 
changed  in  several  ways  (e.g.  by  changing  number  of  SP  grains  in  GG,  by  changing  value  of 
cross-section  of  regulator  of  gas  velocity  to  the  main  CC,  by  changing  the  critical  cross- 
section  of  the  main  CC  nozzle  etc.).  In  addition  the  relevant  velocity  is  relatively  constant 
along  short  SP  grain  and  therefore  only  two  pressure  sensors  (the  first  on  the  GG  and  the 
second  on  the  main  CC)  could  be  used. 
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The  second  solution  was  chosen  with  regard  to  above  mentioned.  Testing  rocket  motor 
was  made  in  the  shape  as  shown  Fig.  4,  having  four  main  construction  parts,  i.e.: 

■  Gas  generator  (2) 

■  Regulator  of  gas  flux  to  the  main  CC  (3) 

■  Main  combusting  camber  (1) 

■  Main  CC  nozzle  (4) 


Fig  4.  Testing  rocket  motor  (1-  main  combusting  camber,  2-  gas  generator, 
3-  regulator  of  gas  flux  to  the  main  CC,  4-  nozzle  of  main  CC) 


General  solution  f2,  31  of  the  given  problem  is  possible  when  assuming  the  following 
conditions: 

■  Adiabatic  process  is  presupposed; 

■  Neutral  kind  SP  burning; 

■  Flow  cross-sections  are  chosen  so  that  total  pressures  in  them  are  same,  as  well  as 
dimensionless  gas  velocities. 

Next  system  of  equations  can  be  applied  here: 
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where  Avg  is  free  cross-section  of  gas  generator,  Avz  is  free  cross-section  of  combustion 
chamber,  Ar  is  cross-section  of  regulating  part,  Akrz  is  critical  cross-section  of  nozzle,  Ag , 
2Z ,  f. ,  Akrz  are  appropriate  dimensionless  rates  of  gas  velocity,  where  er  =  sv  =  1  because  it 
is  excepted  that  cross-section  edges  are  rounded. 

For  the  theoretical  solution  of  testing  RM  can  be  given  parameters  of  gas  velocity 
passing  through  the  channel  between  SP  and  body  of  combustion  chamber.  The  value  of  gas 
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velocity  is  decreasing  during  the  burning  process  with  respect  to  increasing  of  the  free  cross- 
section  of  combusting  chamber. 

The  basic  assumption  solution  is 


Pskz  ^  Pa 


where  patm  is  atmospherically  pressure  ,  a:  is  an  adiabatic  exponent. 
Then,  dimensionless  value  of  gasses  flux  in  CC  is 
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Ckr=j-^7%rTsk  (8) 

V  AT  +  1 

is  critical  sonic  sound  ,  %  is  parameter  of  heat  losses,  r  is  specific  gas  constant,  Tsk  is  a 
burning  temperature  (inside  of  CC). 

Area  of  critical  cross-section  can  be  expressed  from  eq.  (5)  as  follows  : 
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Relation  between  pressures  in  the  CC  and  in  the  GG  is 
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where  <^(at)  is  the  function  of  adiabatic  exponent. 
Pressure  inside  of  gas  generator  is  given  by 
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Algorithm  of  the  solution  is  given  by  the  following  set  of  equations:  ,1,2' 
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3. 


EXPERIMENTS 


MA  in  Bmo  had  made  the  analysis  of  burning  process  and  basic  computing  solution  of 
testing  rocket  motor.  Exploitation  and  preparation  of  testing  area  were  made  in  cooperation 
between  MA  in  Brno  and  Research  Institute  for  Industrial  Chemistry  (Explosia  a.s., 
Pardubice  -Semtin), which  one  is  allowed  to  offer  the  testing  area  according  to  Certificate  for 
accredited  testing  company  in  field  of  internal  ballistics  to  measure  thrust  and  pressure  on 
testing  RM  (i.e.  ballistic  tests  of  rocket  motors,  etc.). 

Experimental  measurement  on  the  testing  rocket  motors  involved  measures  of  pressure 
in  gas  generator  and  measure  of  pressure  in  main  combustion  chamber.  Testing  rocket  motor 
configuration  before  ignition  is  shown  in  Fig  5.  131 


Fig  5.  Testing  rocket  motor  before  ignition. 

The  gas  velocity  of  around  testing  SP  grain  was  controlled  by  number  of  SP  grains  in 
gas  generator  and  by  critical  diameter  of  nozzle  of  main  combustion  chamber.  Estimated 
values  of  gas  velocity  are  shown  in  the  Table  1.  These  values  were  chosen  as  initial 
boundary  conditions  as  mentioned. 
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Table  1.  Calculated  values  of  velocities  of  gas  flux  (products  of  combustion) 
around  testing  SP  grain  in  experiments. 


Number  of  SP 
grains  in  GG 

Diameters  of 
regulator 

(regulating  nozzle) 

[m].  icr3 

Critical  diameter 
of  nozzle 
of  main  CC 

[m].  10‘3 

w  [ms-1] 

1 

4x  11,5 

14,04 

120 

2 

4x  11,5 

16,16 

160 

2 

4x  11,5 

18,00 

200 

3 

4x  11,5 

19,62 

240 

3 

4x  11,5 

21,07 

280 

4.  CONCLUSION 

Performed  experiments  prove,  that  theoretical  part  of  this  work  was  given  correctly. 
Chosen  solid  propellant  seems  to  be  able  to  bum  according  to  estimated  kind  of  burning 
process. 

This  cooperation  between  MA  in  Brno  and  Research  Institute  for  Industrial  Chemistry 
(Explosia  a.s.,  Pardubice-Semtin)  is  presupposed  to  continue  also  in  future.  Both  partners 
decided  to  leap  the  way  with  cooperation  in  the  field  of  practical  tests  of  special  testing 
rocket  motors  for  others  students  of  doctor  study  programs. 
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Abstract: 

Previous  research  111  has  provided  information  on  the  high  strain  rate  behaviour  of 
energetic  systems.  This  paper  outlines  developments  in  the  measurement  of  strain  fields 
and  strain  localisation.  In  particular,  the  conditions  for  strain  localisation  in  materials 
are  discussed.  The  application  of  a  photographic  technique,  digital  speckle  metrology, 
allows  deformation  fields  to  be  measured.  Although  this  does  not  provide  sufficient 
resolution  for  strain  localisations  to  be  observed  in  detail,  this  aspect  is  being  actively 
pursued. 

Keywords:  polymer  bonded  explosives,  PBX,  high  strain-rate  testing, 

optical  techniques,  strain  localisation 


1.  INTRODUCTION 

The  split  Hopkinson  pressure  bar  is  a  standard  technique  for  the  high  strain-rate  loading 
of  materials.  It  allows  measurements  of  a  material’s  stress  strain  relationship  at  rates 
between  500  s'1  and  10,000  s'1,  and  over  a  range  of  temperatures.  A  thorough  description  of 
the  technique  is  available  elsewhere  ,  but  a  basic  overview  follows. 

The  specimen  is  a  small  cylinder  (length  and  diameter  between  5  and  10  mm)  of 
material.  It  sits  between  two  metal  rods,  called  the  input  and  output  bars.  A  gas  gun  is  used 
to  launch  a  striker  bar  into  the  input  bar,  and  this  introduces  a  stress  wave  into  the  input  bar. 
The  stress  wave  travels  to  the  specimen,  causing  the  specimen  to  deform.  Because  of  the 
impedance  mismatch  between  the  bars  and  specimen  some  of  the  input  wave  is  reflected, 
and  some  transmitted  through  the  specimen  into  the  output  bar.  These  waves  are  measured 
using  strain  gauges  on  the  bars,  and  can  be  used  to  calculate  the  stress  strain  response  of  the 
material.  There  are  a  number  of  advantages  to  using  this  technique.  The  first  is  that  the 
instrumentation  is  on  the  bars,  which  remain  elastic  even  when  the  specimen  undergoes  large 
plastic  deformations.  The  second  is  that  the  specimen  is  small,  and  easy  to  prepare.  This  is 
a  very  important  consideration  when  using  explosive  materials. 

Polymer  bonded  explosives  (PBXs)  consist  of  explosive  crystals  dispersed  throughout  a 
soft  polymer  binder.  When  the  material  is  loaded  most  of  the  deformation  is  taken  up  by  the 
binder,  which  makes  the  material  less  sensitive  than  a  pure  explosive.  The  explosive  content 
can  be  up  to  95%,  so  that  the  PBX  output  approximated  that  of  the  pure  explosive.  The 
mechanical  properties  of  the  explosive  depend  on  the  temperature,  strain  rate  and  crystal 
loading.  In  fact,  the  binder  properties  have  a  very  strong  effect  on  the  overall  strength.  It  is 
found  that  a  stiffer  PBX  is  more  sensitive  to  ignition  than  one  with  a  lower  modulus,  given 
the  behaviour  of  polymers  this  suggests  that  sensitivity  increases  with  decreasing 
temperature.  This  means  that  testing  at  low  temperatures  and  high  strain  rates  is  important 
since  a  surprisingly  large  number  of  events  can  cause  high  strain  rate  loading. 
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An  important  mechanism  in  hot-spot  formation  in  explosives  can  be  the  development  of 
regions  of  localised  deformation  (shear  bands).  In  metals,  these  occur  when  the  strain 
hardening  of  the  material  is  not  able  to  compensate  for  the  thermal  softening.  Since  heat  is 
produced  during  deformation  this  leads  to  a  local  instability  which,  once  it  develops,  causes 
strain  to  localise  along  bands  in  the  material.  Understanding  these  bands,  and  the  conditions 
under  which  they  occur  is  very  important  for  improving  explosive  safety. 

A  major  disadvantage  of  the  Hopkinson  bar,  which  is  shared  with  other  remotely  gauged 
systems,  is  that  the  average  properties  of  the  specimen  are  measured.  This  does  not  prevent 
inhomogeneous  materials,  such  as  PBXs  being  tested,  however  it  does  mean  that  the 
specimen  size  must  be  large,  compared  to  the  particle  size,  if  the  results  are  to  be 
meaningful.  A  general  rule  is  that  there  should  be  at  least  25,  and  preferably  100,  grains  in 
any  cross  section. 

In  order  to  make  more  useful  measurements  of  PBX  properties,  it  would  be  useful  to  be 
able  to  measure  the  specimen  deformation  field,  rather  than  the  average  deformation.  This  is 
possible  using  digital  speckle  metrology  (DSM)  |2,3,41. 

The  following  sections  describe  the  DSM  technique,  before  considering  its  application  to 
high  strain-rate  testing.  The  results  describe  some  of  the  conditions  under  which  strain 
localisation  appears.  Results  from  optical  analysis  of  high  strain  rate  experiments  are 
discussed. 

2.  THEORY 

The  speckle  technique  works  by  following  the  motion  of  a  random  pattern  on  the  surface 
of  a  specimen.  The  pattern  can  be  produced  due  to  natural  features  on  the  surface,  by  using 
spray  paint,  or  by  laser  speckle.  A  series  of  photographs  is  produced  during  the  deformation 
(the  dynamic  image),  and  these  can  either  be  analysed  sequentially,  or  by  comparison  to  a 
static  image  taken  before  the  deformation  (the  reference  image) 

The  analysis,  which  is  fully  automated,  involves  selecting  a  small  area  of  the  reference 
photograph,  and  then  another  smaller  region,  from  within  this  area,  but  on  the  deformed 
photograph,  these  are  called  the  reference  and  deformed  subimages.  The  deformed  submage 
is  smaller  than  the  reference,  and  is  padded  with  random  ‘greyscale’  speckles.  The  two 
subimages  are  compared,  and  a  ‘correlation  coefficient’  is  computed,  which  is  1  if  the  two 
pictures  are  exactly  the  same,  and  0  if  they  have  no  similarity.  The  deformed  subimage  is 
shifted  around  the  reference  subimage,  and  the  correlation  has  a  peak  at  the  point  where  the 
two  images  are  most  similar  to  each  other.  This  correlation  value  will  not  be  1  due  to 
rotations  and  distortion,  but  will  be  clearly  defined  from  the  background  noise.  The  position 
of  the  subimage  at  this  peak  tells  us  the  movement  of  that  point.  If  a  series  of  subimages 
from  the  two  photographs  are  compared,  then  local  displacement  maps  are  produced  over  the 
specimen  surface.  The  sequence  is  shown  in  figure  1. 

The  correlation  algorithm  used  in  these  experiments  was  developed  by  Sjodahl  & 
Benckert The  correlation  is  not  performed  in  the  spatial  domain,  like  other  algorithms  f6', 
but  in  the  frequency  domain.  The  use  of  the  Fast  Fourier  Transform  (FFT)  allows  the 
computational  time  to  be  reduced  and  allows  non-integer  pixel  shifting  to  be  carried  out. 
The  cross-correlation  is  expressed  in  equation  1. 

C(p,q)  =  K\H’AHs2)  (1) 
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where  C(p,q)  is  the  discrete  two  dimensional  correlations,  F1  is  the  inverse  Fourier 
transform.  Hs/  is  the  complex  conjugate  of  the  Fourier  transform  of  sub-image  si  and  HS2  is 
the  Fourier  transform  of  sub-image  s2. 

Due  to  the  use  of  the  FFT,  the  sub-image  size  is  chosen  to  be  an  integer  power  of  two  to 
optimise  the  algorithm.  An  iterative  procedure  is  used  to  reduce  signal-to-noise  and  create  a 
sharp  correlation  peak.  Non-integer  pixel  displacements  are  dealt  with  using  an  expansion  of 
the  correlation  surface  to  create  a  continuous  surface  |S|.  This  achieves  a  displacement 
accuracy  of  0.01  pixels  of  displacement  for  an  optimised  speckle  system.  The  spatial 
resolution  is  defined  by  the  speckle  size,  since  a  finite  number  of  speckles  must  be  present  in 
a  sub-image  to  provide  a  successful  correlation. 


x-displacement 


Fig  1.  Schematic  diagram  of  speckle  analysis,  from  f7' 

3.  EXPERIMENT 

3.1  Compression  tests  on  PBXs 

Mechanical  tests  were  carried  out  in  compression  on  two  explosives  and  a  simulant. 
Two  of  these  had  the  same  binder  (HTPB),  but  different  loading  densities;  these  were  PBS 
9501  (loading  density  above  90%),  and  ‘PBX1’  (loading  density  88%).  The  final  material 
was  EDC37,  which  has  a  loading  density  similar  to  PBS  9501,  but  a  softer  binder.  PBX1 
specimens  were  of  two  types,  with  two  particle  size  distributions,  710  pm  (PBXla)  and  160 
pm  (PBXlb)  respectively.  EDC37  was  the  subject  of  a  more  detailed  study  of  the  effects  of 
strain  rate  191 ,  some  of  the  results  from  that  paper  are  reproduced  here  fore  ease  of  reference, 
and  results  from  PBX1  are  presented  in  flG|. 

3.2  Digital  Speckle  Metrology 

The  specimens  used  in  the  Hopkinson  bar  are  right  cylinders,  which  range  in  size  from 
2  mm  to  5  mm  long,  and  5  mm  to  10  mm  diameter.  Initial  observations  showed  that,  whilst 
the  surface  features  in  PBXs  were  distinct  enough  to  produce  a  speckle  pattern  for  quasi- 
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static  testing,  more  contrast  was  needed  for  high-speed  photography.  This  was  applied  using 
an  artist’s  airbrush  to  produce  a  fine  pattern  in  black  paint. 

The  photographs  were  taken  using  a  high-speed  camera,  the  Hadland  Ultra-8.  Light 
entering  the  camera  is  split  by  a  prism  into  8  parts,  which  fall  onto  a  square  array  of  8  CCDs. 
These  CCDs  are  independently  triggered,  although  in  this  case  the  photographs  were  taken  at 
constant  time  intervals.  Illumination  was  applied  using  argon  flash  bulbs,  and  the  whole 
system  was  triggered  using  a  make  trigger  on  the  front  of  the  input  bar,  which  was  made  by 
the  impact  of  the  striker.  The  specimen  and  bar  would  be  set  up,  and  a  static  set  of 
photographs  taken.  A  corresponding  series  of  dynamic  images  was  produced  during  the 
deformation.  There  are  two  ways  of  analysing  the  photographs.  The  first  is  to  compare  each 
dynamic  image  to  the  corresponding  static  image,  and  produce  deformation  maps  that  way. 
The  advantage  is  that  any  distortion  caused  by  the  camera  is  immediately  removed. 
Unfortunately  the  correlation  breaks  down  for  very  large  deformations,  and  so  the  results  in 
the  later  photographs  are  incomplete.  Instead  it  is  possible  to  produce  the  maps  temporally, 
comparing  the  first  image  on  the  deformed  sequence  with  the  second,  and  so  on.  In  order  to 
compensate  for  distortions,  the  same  process  is  carried  out  on  the  static  set  of  images,  and 
any  deformations  measured  are  removed.  This  allows  larger  deformations  to  be  measured 
without  loss  of  correlation,  because  the  deformations  between  each  image  are  small. 
However,  in  this  case  any  errors  in  the  measurement  add  up  over  time.  Ideally,  both  methods 
are  used  and  compared,  but  the  results  shown  are  usually  from  temporal  correlations. 

4.  RESULTS 

4.1  Compression  tests  on  PBXs. 

Figure  3  shows  stress  strain  curves  for  EDC37  at  a  strain  rate  of  about  3900  s'1.  The 
shape  of  the  stress  strain  curve  is  typical  for  cylindrical  materials  that  exhibit  strain 
localisation,  and  is  very  different  from  the  elastic,  yielding  and  brittle  materials  that  were 
shown  in  last  year’s  seminar.  The  existence  of  localisations  is  confirmed  in  figure  2,  which 
shows  high  speed  photographs  of  the  deformation.  PBS  9501  also  exhibits  stress  strain 
behaviour  indicative  of  strain  localisations,  figure  4,  PBX  1,  however,  does  not,  figure  5.  It 
has  stress  strain  behaviour  more  similar  to  that  of  HTPB,  the  binder  from  which  it  is  made, 
although  the  PBX  is  obviously  stiffer  than  the  binder.  The  lower  loading  density  PBX1  is 
tested  at  -60  °C,  figure  6.  Here  the  material  with  smaller  grain  size,  and  therefore 
separation,  does  show  strain  localisations,  whereas  that  with  higher  separation  does  not. 


Frame  1  Frame  2  Frame  3  Frame  4  Frame  5  Frame  6  Frame  7  Frame  8 


Fig  2.  Strain  localisations  developing  in  EDC37,  initial  development  is  shown  by 
arrows.  The  interframe  and  exposure  times  are  20ps.  The  stress  pulse 
reaches  the  sample  between  frames  1  and  2 191 . 
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Fig  3.  Stress  strain  curves  for  EDC37  at 
3900  ±  50  s'1 


Fig  5.  Stress  strain  curves  for  PBX1  at 
room  temperature  and  5000  s"lf101 


Fig  4.  Stress  strain  curves  for  PBS 
9501  at  1500  ±50  s'1 


Fig  6.  Stress  strain  curves  for  PBX1 
at  -60  °C  and  3500  s"1 


4.2  Speckle  results 

Figure  7  shows  displacement  quiver  plots  for  a  specimen  of  PBS  9501  deformed  in 
compression.  A  strain  time  plot  is  shown  in  figure  8,  which  is  compared  to  the  strain  time 
curves  calculate  from  the  Hopkinson  bar  equations. 
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Frame  1 


Frame  2 


Frame  3 


Frame  4  Frame  5  Frame  6 

Fig  7.  Development  of  specimen  displacement  in  a  Hopkinson  Bar  experiment 
on  PBS  9501.  The  interframe  and  exposure  times  were  both  20  ps 


Fig  8.  Comparison  of  strains  measured  usiing  the  speckle  displacements 
and  the  Hopkinson  Bar  equations 


5. 


DISCUSSION 


At  room  temperature,  two  PBX/Ss  with  a  high  loading  density,  but  different  binders, 
were  observed  to  show  shear  bands  during  compressive  deformation.  Reducing  the  loading 
density,  by  a  few  percent,  prevented  this  from  occurring  at  room  temperature,  even  if  the 
binder  remained  the  same.  However  strain  localisation  bands  were  then  formed  when  the 
temperature  was  reduced.  This  demonstrates  that  strain  localisation  is  dependent  on  particle- 
particle  interaction  within  the  material,  rather  than  just  thermal  and  strain  hardening 
considerations.  If  the  binder  is  soft,  the  particles  must  be  close  together  for  this  to  take  place. 
As  the  binder  becomes  stiffer,  i.e.  when  the  temperature  is  lower,  the  particles  can  interact 
when  further  apart,  although  figure  6  shows  that  there  is  still  a  maximum  separation.  It  is 
important  to  note  that  the  glass  transition  temperature  of  the  HTPB  binder  in  PBX1  is  below 
60  °C,  so  the  binder  by  itself  would  neither  yield,  nor  show  strain  localisations.  Of  course  the 
same  effect  would  be  seen  at  room  temperature  if  a  stiffer  binder  than  HTPB  were  used. 

The  most  important  aspect  of  the  speckle  results  shown  is  that  the  interframe  and 
specifically  exposure  times  on  the  photographs  were  very  long  (20  ps)  on  the  timescale  of 
the  experiment  (100  ps).  This  was  due  to  inexperience  on  the  part  of  the  operators,  and 
problems  with  illumination  of  the  specimens.  More  recent  experiments  on  inert  materials 
have  improved  the  quality  of  the  results  obtained,  so  that  exposure  times  of  1  ps  can  be  used. 
Figure  8  showed  that  the  longitudinal  strains  measured  from  the  speckle  photographs  agreed 
with  those  from  the  Hopkinson  bar  equations.  We  also  see  that  the  shape  of  the  speckle  plots 
is  consistent  with  symmetrical  deformation  of  the  specimen,  with  constant  longitudinal 
strain.  Unfortunately  neither  the  quality  of  the  photographs,  nor  the  density  of  speckle 
measurements,  allowed  interrogation  of  these  localisations  in  this  case. 

Because  the  specimen  is  cylindrical,  the  quality  of  the  photographs  decreases  towards 
the  edge.  This  means  that  the  best  measurements  are  made  in  the  centre  of  the  specimen. 
The  shape  of  the  specimen  introduces  two  other  important  considerations.  Firstly,  the 
photograph  is  a  two  dimensional  projection  of  a  three  dimensional  movement.  Fortunately 
the  y-strain  in  the  projected  image  is  equal  to  the  specimen’s  radial  strain.  This  means  that  if 
more  data  dense  measurements  can  be  made  it  may  be  possible  to  use  this  technique  to  find 
the  dynamic  Poisson’s  ratio  of  a  material.  The  second  effect  of  the  radial  expansion  is  to 
move  the  specimen  closer  to  the  camera.  This  could  cause  an  apparent  strain  due  to  the 
change  in  magnification  of  the  image.  However,  the  camera  is  about  500  mm  from  the 
specimen,  and  the  movement  towards  it  is  about  1-2  mm,  so  this  is  not  an  important  effect. 

6.  CONCLUSIONS 

The  appearance  of  strain  localisation  in  PBXs  is  shown  to  be  a  function  of  particle 
separation,  and  binder  stiffness,  which  combine  to  allow,  or  not,  the  necessary  particle- 
particle  interactions.  The  speckle  metrology  technique  has  been  applied  to  energetic 
materials  deforming  rapidly  in  the  Split  Hopkinson  Pressure  bar.  The  technique  allows  the 
standard  experiment,  which  measures  an  average  compressive  strain  within  the  specimen,  to 
be  extended  to  measure  2D  displacement  fields.  The  addition  of  this  technique  will  allow 
more  accurate  measurements  of  strain  fields  in  inhomogeneous  specimens  to  be  measured. 
Future  work  will  look  at  producing  polymer  bonded  explosives  or  stimulants,  and  examining 
in  detail  the  combinations  of  binder  stiffness  and  loading  density  that  produce  strain 
localisation. 
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Abstract: 

N on-isothermal  isoconversional  kinetic  methods  described  by  Ozawa,  and  Flynn  and 
Wall  are  widely  used  to  study  kinetics  of  energetic  materials.  However,  to  obtain 
valuable  kinetic  constants  great  care  must  be  taken  to  ensure  proper  experimental 
conditions,  as  well  as  data  treatment  procedure. 

In  this  paper  we  have  discussed  the  influence  ofNC propellant  sample  mass  and  heating 
rate  during  non-isothermal  DSC  measurements,  i.e.  the  influence  of  NC  propellant 
sample  self-heating  on  kinetic  results  derived  in  accordance  with  the  Ozawa  and  Flynn 
and  Wall  methods. 

It  was  calculated  by  the  Ozawa  method  that  the  activation  energy  equals  ~ 199  kJ/mol  in 
the  case  when  sample  self-heating  has  been  avoided,  while  in  the  case  of  sample  self- 
heating  existence  the  activation  energy  was  calculated  to  be  ~ 191  kJ/mol.  Also,  it  was 
shown  that  the  activation  energy  calculated  by  the  Flynn  and  Wall  method  depend  not 
only  on  sample  self-heating  existence  but  also  on  degree  of  conversion  -  it  ranges 
between  ~ 145  and  200  kJ/mol. 

Keywords:  single  base  propellants,  differential  scanning  calorimetry, 

kinetic  constants,  self-heating 


1.  INTRODUCTION 

The  kinetics  and  mechanism  of  thermal  decomposition  of  energetic  materials  affects 
many  important  their  properties.  From  a  practical  point  of  view,  the  most  important  are  that 
the  rate  of  thermal  decomposition  affects  the  quality  of  an  energetic  material  and  its  shelf 
life,  as  well  as  its  thermal  hazard  potential  . 

In  order  to  be  able  to  predict  with  required  accuracy  the  shelf-life  and  the  thermal  hazard 
potential  of  an  explosive  material,  a  true  decomposition  mechanism  and  true  kinetic 
constants  should  be  known  [2"9'.  The  application  of  an  inaccurate  decomposition  model  and 
inaccurate  values  of  Arrhenius  kinetic  constants  in  the  calculation  of  the  thermal  hazard 
potential  of  an  explosive  may  result  in  highly  uncertain  and  unusable  data  on  the  critical 
conditions  of  the  self-ignition,  and  on  the  shelf-life  110,1 11 . 

Consequently,  various  experimental  techniques  and  testing  conditions  have  been  used  in 
order  to  determine  the  kinetic  constants  as  accurately  as  possible.  Various  kinetic  approaches 
and  data  treatment  procedures  have  been  also  applied,  resulting  sometimes  in  considerable 
disagreement  in  the  values  of  the  kinetic  parameters  reported  in  literature  1121 . 

Non-isothermal  isoconversional  kinetic  methods  described  by  Ozawa,  and  Flynn  and 
Wall  are  widely  used  to  study  kinetics  of  energetic  materials  ,13’  14,  151 .  However,  these 
methods  are  used  sometime  uncritically  -  that  means  they  are  used  not  taking  into  account 
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certain  limitations  of  these  methods  and  possible  dependence  of  experimental  data  on  testing 
conditions  applied.  Since  these  methods  ware  first  published  more  than  two  decades  ago, 
surprisingly  little  work  has  been  done  to  characterise  these  limitations  and  to  examine  the 
robustness  of  the  methods  by  measuring  the  effects  of  sample  mass  and  heating  rate  on  the 
activation  energy  values  |l61. 

One  more  serious  problem  with  the  use  of  isoconversional  methods  is  that  variation  of 
Arrhenius  constants  with  the  extent  of  reaction  poses  difficulties  in  the  interpretation  of  the 
kinetic  data  f3, 17, 18, 191 . 

In  our  previous  papers  ,20’  211  we  have  reported  on  the  influence  of  some  testing 
conditions  and  data  treatment  method  on  results  of  double  base  propellant  Arrhenius  kinetic 
constants  determined  by  the  Ozawa  non-isothermal  isoconversional  methods.  The  results 
reported  have  shown  that  sample  self-heating  occurs  at  very  slow  heating  rates  and  small 
sample  masses  (above  2  °C/min  for  0.5  mg  samples),  resulting  in  20-30  %  lover  value  of  the 
activation  energy. 

In  this  paper  we  have  continued  to  study  the  robustness  of  the  Ozawa  and  Flynn  and 
Wall  methods  using  NC  propellant  as  a  test  sample. 

1.1  Theory  of  non-isothermal  isoconversional  method 

The  so-called  “ isoconversional  approach ”  to  non-isothermal  kinetics  rests  upon  the 
principle  according  to  which  the  reaction  rate  at  a  constant  conversion  is  only  a  function  of 
temperature  ,3’  16'.  Several  isoconversional  methods  were  suggested  in  the  1960’s.  The 
method  developed  by  Ozawa,  and  Flynn  and  Wall  ,13’  14,  151  starts  from  the  fact  that  the 
temperature  integral  in  Eq.l  may  be  calculated  by  Doyle’s  equation  [22'  (Eq.2): 


p  \  A 

-  dT  =  —I(E,T) 

RTJ  (3 


(1) 


where  T  is  temperature,  |3  is  heating  rate,  A  is  pre -exponential  factor,  E  is  activation 
energy,  g(a)  is  a  function  called  the  reaction  model,  and  I(E,  T)  is  temperature  integral. 

The  above  equation  can  be  derived  by  the  integration  of  the  basic  kinetic  equation  for 
the  special  case  of  non-isothermal  experiments  in  which  samples  are  heated  at  a  constant 
heating  rate:  (3  =  dT / dt . 

log|j?(x)]  = -2.315-0.4567*  (-20  >*>-60)  (2) 

Combining  Eqs.  1  and  2  one  obtains: 

AF  F 

g{  a)  =  log— —  log((3)  -  2.3 1 5  -  0.4567  —  (3) 

K  K1 


It  follows  from  Eq.  3  that  if  series  of  experiments  are  performed  at  heating  rates  Pi,  P2, 
P3,...P/  and  if  Tkj  is  the  temperature  at  which  the  fraction  of  conversion  a k  was  reached  at 
heating  rate  P/,  then  a  plot  of  log(P/)  vs.  (1/  7/f>/)  for  each  of  k  fractions  of  conversion  ai,  012, 
013,  ...  CLk  will  give  k  isoconversional  lines  whose  slopes  are: 


slope  =  -0.4567  — 
R 


(4) 
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An  accurate  value  of  the  activation  energy  is  obtained  through  an  iterative  procedure 
described  elsewhere  ,22’ 231 .  Also,  the  temperature  integral  may  be  nowadays  calculated  using 
methods  based  on  numerical  integration,  or  by  using  more  accurate  approximations  such  is, 
for  example,  the  Senum-Yang  approximation  [3’24’251. 

Taking  that  the  conversion  at  the  DSC  (or  DTA)  peak  maximum  temperature  (Tm)  is 
constant  ( am=const .)  and  independent  on  the  heating  rate,  Eq.  3  may  be  written  it  the 
following  form: 

F  AF 

log(P)  =  -0.4567— -  2.315  +  log— -  log[g(am )] ,  (5) 

TV  /  TV 

m 

where  am  is  conversion  at  the  peak  maximum  temperature,  and  Tm  is  the  peak  maximum 
temperature. 

It  follows  from  the  above  equation  that  log((3)  vs.  \/Tm  will  give  straight  line  (so-called 
Ozawa  plot)  slope  of  which  yields  the  activation  energy.  This  is  the  basis  of  the  Ozawa 
method  for  the  derivation  of  kinetic  parameters  from  non-isothermal  DSC  measurements. 
The  Ozawa’s  method  was  the  basis  for  the  ASTM  E  698-79  standard  for  the  determination 
of  Arrhenius  kinetic  constants  for  thermally  unstable  materials  f23,26l 

It  is  obvious  from  the  above  mentioned  that  certain  preconditions  should  be  fulfilled  in 
order  to  apply  the  non-isothermal  DSC  measurements  and  the  Ozawa  method.  The  most 
important  are: 

-  the  extent  of  reaction  at  the  peak  maximum  is  constant  and  independent  on  the 
heating  rate 

-  the  temperature  dependence  of  the  reaction  rate  constant  obeys  the  Arrhenius 
equation 

-  the  reaction  model  should  be  known  in  order  to  calculate  the  pre-exponential 
factor. 

However,  it  should  be  noted  that  there  are  also  some  specific  limitations  regarding 
thermal  methods  that  can  influence  kinetic  results.  The  most  important  limitation  lies  in  the 
fact  that  true  kinetic  results  can  be  derived  only  if  there  is  no  temperature  gradient  within  the 
sample  ,27’  281 .  To  avoid  the  temperature  gradient  (which  is  connected  with  the  heating  rate, 
sample  mass  and  shape,  sample  self-heating  during  exothermal  reactions,  etc.),  small  and 
thin  samples  should  be  used,  as  well  as  slower  heating  rates. 

It  seems  that  the  Achilles  heel  of  the  Ozawa  and  Flynn  and  Wall  methods  is  excess  self¬ 
heating  [1,  16,  20,  21,  271 ;  that  is,  the  tendency  of  energetic  materials  to  increase  the  rate  of 
heating  of  the  sample  to  a  greater  degree  than  that  of  the  programmed  rate.  Energetic 
materials  are  capable  of  considerable  self-heating  in  a  DSC  instrument.  Although  the 
reaction  kinetics  and  enthalpy  of  reaction  are  obviously  the  root  cause  of  self-heating,  for  a 
given  material  the  degree  of  self-heating  is  also  influenced  by  the  heating  rate  and  sample 
size.  The  main  consequences  of  self-heating  are  the  following: 

-  the  actual  (i.e.  instantaneous)  heating  rate  experienced  by  the  sample  is  greater 
than  the  programmed  heating  rate  (see  Fig.  1) 

-  the  peak  maximum  temperature  at  the  same  programmed  heating  rate  does  not 
have  the  same  value  as  the  temperature  obtained  with  no  self-heating. 
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The  effect  of  self-heating  during  the  exothermal  decomposition  is  substantial  deviation 
of  the  T  =  J[t)  curve  from  linearity,  i.e.  existence  of  a  pronounced  blip  visible  in  Fig.  1.  A 
sufficiently  small  sample  will  give  an  essentially  straight  line  with  no  evidence  of  self¬ 
heating,  while  a  large  sample  will  show  behaviour  given  in  Fig.  2.  The  larger  the  sample  size 
(at  a  given  heating  rate),  the  greater  self-heating,  and  consequently,  the  error  in  the  heating 
rate  (the  greater  deviation  of  the  actual  sample  heating  rate  from  the  programmed  heating 
rate).  The  final  result  of  self-heating  is  a  lower  value  of  the  calculated  activation  energy  [1, 19, 


28] 


O) 

c 


Time 


Fig  1.  Effect  of  self-heating  on  actual  heating  rate  and  temperature 

It  is  common  in  practice  to  use  the  non-isothermal  isoconversional  DSC  method 
applying  a  constant  sample  size  method.  The  consequence  of  using  a  constant  sample  size 
for  all  heating  rates  may  be  considerable  self-heating  at  faster  heating  rates,  and 
consequently  in  an  incorrect  value  of  the  activation  energy  calculated. 

To  follow  and  to  avoid  self-heating  in  the  non-isothermal  DSC  measurements  it  is 
necessary  to  find  a  way  to  measure  the  degree  of  sample  self-heating  and  its  influence  on  the 
kinetic  results.  In  modern  DSC  instruments  this  is  possible  by  following  the  deviation  of  the 
actual  heating  rate  from  the  programmed  heating  rate.  Also,  modem  DSC  instmments  enable 
to  follow  the  change  of  degree  of  conversion  at  the  peak  maximum  temperature,  that  is  also 
important  precondition  for  the  application  of  the  Ozawa  method. 

2.  EXPERIMENTAL 

Single  base  (NC)  propellant  was  used  for  the  study.  The  samples  weighing  0.5;  1.5,  and 
2.5  mg  were  cut  from  propellant  grains. 

The  DSC  experiments  were  carried  out  using  the  TA  instruments  DSC  2910  apparatus 
that  is  based  on  the  heat  flux  type  of  the  cell.  The  measurements  were  done  using  aluminium 
sample  pans  with  perforated  aluminium  cover,  and  under  nitrogen  purging  with  100  ml/min. 

3.  RESULTS  AND  DISCUSSION 

In  order  to  analyse  the  influence  of  NC  propellant  sample  mass  and  heating  rate  on 
degree  of  sample  self-heating  during  the  exothermal  decomposition,  i.e.  on  the  kinetic 
results,  a  series  of  non-isothermal  DSC  experiments  were  carried  out.  The  mass  of  samples 
in  three  series  of  experiments  was  0.5  mg;  1.5  mg  and  2.5  mg.  The  heating  rate  was  varied 
from  0.2  °C/min  to  25  °/min. 
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A  typical  non-isothermal  DSC  curve  of  studied  NC  propellant  is  given  in  Fig.  2.  Along 
with  the  heat  flow  curve,  the  heating  rate  curve  and  sample  conversion  curve,  which  are 
important  for  further  study,  are  given.  The  parameters  taken  for  the  kinetic  study  are 
assigned  on  the  curves. 


Fig  2.  Typical  non-isothermal  DSC  curve  of  tested  NC  propellant  showing  heat 
flow,  heating  rat,  and  sample  conversion  curves  (testing  conditions: 
sample  mass  1.5  mg,  programmed  heating  rate  5  °C/min) 

Summarised  experimental  data  necessary  for  studying  of  the  kinetics  in  accordance  with 
the  isoconversional  Ozawa  method  are  given  in  Table  1. 

Dependence  of  conversion  at  DSC  peak  maximum  on  heating  rate  and 
sample  mass 

As  it  follows  from  the  Ozawa  method,  the  first  precondition  for  the  applicability  of  the 
method  is  that  the  degree  of  conversion  at  DSC  peak  maximum  temperature  (am  at  Tm,  in  Eq. 
5)  is  constant  and  does  not  depend  on  the  heating  rate.  Consequently,  the  first  thing  to  be 
done  should  be  to  check  if  this  precondition  is  fulfilled. 

The  conversion  at  DSC  peak  maximum  was  determined  from  DSC  thermogram  as  a 
ratio  between  the  peak  area  until  peak  maximum  and  the  total  peak  area  (see  Fig.  2).  The 
effect  of  the  heating  rate  and  sample  mass  on  conversion  at  the  peak  maximum  (am)  is  shown 
graphically  in  Fig.  3. 

It  is  obvious  from  Fig.  3  that  the  conversion  decreases  strongly  with  heating  rate 
increase,  while  the  influence  of  sample  mass  is  not  too  pronounced.  For  the  heating  rates 
ranging  below  2  °C/min  the  conversion  seems  to  be  constant  (mean  value  is  52.3  %),  while 
at  heating  rates  above  2  °C/min  the  conversion  decreases  almost  linearly  with  the  heating 
rate  increase.  On  the  basis  of  such  results  one  may  conclude  that  the  Ozawa  method  may  be 
applied  only  if  heating  rates  are  slower  than  2  °C/min.  At  the  same  time,  the  results  presented 
in  Fig.  4  show  that  there  is  no  sample  self-heating  if  heating  rate  is  slower  than  2  °C/min. 
Combining  Figs.  3  and  4  one  may  conclude  that  the  conversion  at  the  peak  maximum 
decreases  as  sample  self-heating  increases. 
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Table  1.  Summarised  experimental  data  obtained  from  non-isothermal  DSC 
measurements 


Sample 

mass, 

mg 

Pprograinmeds 

°C/min 

Parameters  derived  from  non-isothermal  DSC  measurements 

T  °C 

hm,  mW 

(X;;!,  /o 

Pmax?  C/min 

A(3,°C/min 

0.2 

169.79 

0.144 

54.94 

0.20 

0.00 

0.5 

177.19 

0.304 

49.07 

0.50 

0.00 

1 

182.28 

0.477 

52.49 

1.03 

0.03 

2 

189.59 

1.481 

51.79 

2.03 

0.03 

0.5  ±  0.02 

5 

196.05 

3.274 

44.75 

5.08 

0.08 

10 

202.07 

7.804 

41.09 

10.43 

0.43 

15 

205.89 

8.238 

46.38 

15.76 

0.76 

20 

207.62 

12.970 

33.04 

21.72 

1.72 

25 

210.2 

12.660 

30.84 

27.09 

2.09 

0.5 

177.94 

1.017 

56.48 

0.50 

0.00 

1 

182.07 

2.134 

51.96 

1.00 

0.00 

2 

187.90 

5.571 

50.75 

2.06 

0.06 

1.5  +  0.02 

5 

194.16 

13.210 

41.41 

5.43 

0.43 

10 

201.48 

22.720 

40.65 

11.72 

1.72 

15 

204.55 

30.770 

30.61 

18.59 

3.59 

20 

207.22 

37.130 

36.83 

26.56 

6.56 

25 

208.45 

40.410 

20.54 

34.50 

9.50 

0.2 

168.93 

0.608 

52.42 

0.20 

0.00 

0.5 

175.96 

1.897 

51.95 

0.52 

0.02 

1 

182.11 

4.073 

50.87 

1.03 

0.03 

2 

187.10 

9.971 

51.44 

2.15 

0.15 

Z.jXU.Uj 

5 

194.04 

22.950 

40.62 

5.89 

0.89 

10 

200.48 

39.260 

37.24 

13.62 

3.62 

15 

204.44 

54.700 

33.29 

23.76 

8.76 

20 

207.38 

66.300 

35.99 

34.44 

14.44 

Legend:  Tm  -  uncorrected  peak  maximum  temperature;  hm  -  peak  height;  am  -  degree  of  conversion  at 
peak  maximum  temperature;  (3max-  maximum  actual  heating  rate  at  the  peak  region;  Pprog 
-  programmed  heating  rate  at  the  peak  region,  A[3  -  difference  between  maximum  actual 
heating  rate  and  programmed  ones 


Fig  3.  Dependence  of  NC  propellant  sample  conversion  at  DSC  peak  maximum 
on  heating  rate  and  sample  mass 
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Dependence  of  self-heating  degree  on  heating  rate  and  sample  mass 


It  was  reported  in  several  papers  [1,  16,  20,  21]  that  the  thermal  decomposition  of  an 
energetic  material  sample  during  DSC  measurements  may  cause  considerable  sample  self¬ 
heating  if  the  sample  mass  is  sufficiently  large  and  the  heating  rate  sufficiently  high.  In  our 
previous  papers  [20,  21]  we  have  proposed  the  quantification,  i.e.  the  “measurement”  of 
sample  self-heating  degree  by  following  an  increase  of  the  actual  heating  rate  at  the  peak 
region,  in  respect  to  the  programmed  heating  rate  (see  Fig.  2). 


As  a  measure  of  a  sample  self-heating  degree  we  have  used  the  difference  between  the 
maximum  value  of  actual  heating  rate  ((3max)  in  the  peak  region  and  the  programmed  heating 

rate  ([^programmed)* 


A|3  =  f3 


max 


P 


programmed 


(6) 


The  values  of  A[3  as  a  function  of  the  heating  rate  and  NC  propellant  sample  size  are 
presented  graphically  in  Fig.  4.  This  figure  shows  that  at  the  same  sample  mass,  the  degree 
of  self-heating  increases  exponentially  with  the  heating  rate,  while  at  the  same  heating  rate 
the  degree  of  self-heating  increases  almost  linearly  with  the  sample  mass.  At  the  same  time, 
Fig.  4  and  results  given  in  Table  1  show  that  a  measurable  degree  of  self-heating  exists  at 
higher  heating  rates,  even  when  a  small  sample  size  is  used.  For  example,  a  sample  having 
0.5  mg  in  mass  exhibits  a  measurable  degree  of  self-heating  at  the  heating  rates  above  2 
°C/min,  while  sample  having  2.5  mg  in  mass  exhibits  a  measurable  self-heating  even  at  the 
0.5  °C/min  heating  rate.  The  results  obtained  show  clearly  that  self-heating  in  the  case  of  the 
NC  propellant  is  quite  large  -  maximum  value  of  actual  heating  rate  can  be  almost  two  time 
greater  than  the  programmed  ones  in  the  case  of  larger  samples  and  higher  heating  rates.  It 
implies  that  the  experimental  conditions  during  DSC  measurements  should  be  selected  very 
carefully  in  order  to  derive  true  kinetic  results 


0  5  10  15  20  25  30 

Programmed  heating  rate,  °C/min 


Fig  4.  Dependence  of  NC  propellant  sample  degree  of  self-heating 
on  programmed  heating  rate  and  sample  mass 
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3.1  Kinetic  results 
Ozawa  method 

The  non-isothermal  DSC  measurements  were  carried  out  in  accordance  with  the 
common  practice  in  many  studies:  the  sample  mass  was  kept  constant  while  the  heating  rates 
were  varied.  The  method  is  known  as  constant  sample  mass  method.  Three  series  of 
experiments  were  carried  out  using  the  same  sample  mass  (0.5  mg,  1.5  mg,  and  2.5),  and 
applying  the  heating  rates  ranging  from  0.2  °C/min  to  25  °C/min  (Table  1).  Typical  DSC 
curves  obtained  in  this  way  are  given  in  Fig.  5. 


Fig  5.  Non-isothermal  DSC  curves  of  NC  propellant  obtained  at  several  different 
heating  rates  (sample  mass  is  0.5  m) 

The  data  given  Table  1,  obtained  experimentally  by  the  non-isothermal  DSC 
measurements,  were  treated  according  to  the  common  procedure  described  elsewhere  to 
evaluate  Arrhenius  kinetic  constants  in  accordance  with  the  Ozawa  icoconversional  method 
[i,  n,  12]  gjnce  method  requires  precise  measurement  of  the  peak  maximum  temperature, 
the  uncorrected  peak  maximum  temperatures  given  in  Table  1  (Tm)  are  corrected  for  the 
thermal  lag  and  heating  rate  in  accordance  with  |l21. 

The  Ozawa  plots,  i.e.  the  log((3)  vs.  1  IT  curves,  for  different  sample  masses  are  given  in 
Fig.  6.  In  order  follow  the  degree  of  self-heating  in  each  measurement,  along  with  the  Ozawa 
plots  the  Af3  vs.  1  IT  curves  are  given. 

It  seems  from  Fig.  6  that  all  data  points  lie  on  the  same  straight  line.  That  means  that  the 
influence  of  sample  mass  on  the  slope  of  the  Ozawa  plot  (and  value  of  activation  energy)  is 
not  too  pronounced.  At  the  same  time,  a  detailed  analysis  has  shown  that  there  is  certain 
discontinuity  on  the  Ozawa  plot  at  the  region  at  which  self-heating  exists.  The  same 
behaviour  was  observed  in  our  previous  study  conducted  on  double  base  propellant [20, 21]. 
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Fig  6.  Ozawa  plots  and  A|3  curves  for  NC  propellant  samples  having  different 
mass 

As  mentioned  earlier,  the  Ozawa  method  is  applicable  only  if  degree  of  conversion  at 
DSC  peak  maximum  is  constant,  i.e.  does  not  depend  on  heating  rate.  Fig.  3  clearly  shows 
that  this  precondition  is  fulfilled  only  for  the  heating  rates  slower  than  2  °C/min.  At  the  same 
time,  it  follows  from  Fig.  4  that  there  is  no  sample  self-heating  for  the  heating  rates  lower 
than  2  °C/min.  On  the  basis  of  these  facts  one  may  conclude  that  the  true  kinetic  data  can  be 
derived  only  from  data  points  obtained  for  heating  rates  slower  than  2  °C/min.  However,  in 
order  to  analyse  influence  of  sample  self-heating  on  the  kinetic  results  the  activation  energies 
were  calculated  for  the  following  three  regions  (Figs.  6  and  7): 

-  the  region  at  which  self-heating  does  not  exists  (A(3  =  0  °C/min) 

-  the  region  at  which  self-heating  exists  (A|3  >  0  °C/min) 

-  the  whole  region  (all  data  points),  which  includes  all  data  and  the  regions  with 
and  without  self-heating. 

The  activation  energies  and  pre-exponential  factors,  calculated  as  the  mean  values  for 
samples  having  different  mass,  are: 

-  the  region  at  which  self-heating  does  not  exist:  E  =  199.31  kJ/mol;  A  =  1.30-1021 

1/s 

-  the  region  at  which  self-heating  exists:  E  =  190.92  kJ/mol;  A  =  1.68-1019 

1/s 

-  the  whole  region  (all  data  points),  which  includes  all  data  and  the  regions  with 

and  without  self-heating:  E  =  204.97  kJ/mol;  A  =  6.16-1020 

1/s 
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Fig  7.  Dependence  of  degree  of  NC  propellant  sample  self-heating  and 
conversion  at  DSC  peak  maximum  on  reciprocal  peak  maximum 
temperature 

It  follows  from  these  results  that  the  activation  energy  for  the  region  at  which  self¬ 
heating  exists  is  lower  for  about  5  %,  while  the  activation  energy  calculated  from  all  data 
points  is  greater  for  about  3  %  than  the  activation  energy  for  the  region  without  self-heating 
(“true”  activation  energy  according  to  theory).  At  the  same  time  the  difference  in  values  of 
pre-exponential  factors  are  quite  larger  (few  orders  of  magnitude). 

Flynn  and  Wall  method 

In  accordance  with  the  Flynn  and  Wall  isoconversional  method  the  activation  energies 
were  calculated  for  different  degrees  of  conversions  in  the  following  way.  From  DSC 
thermograms  obtained  at  several  different  heating  rates  (Fig.  5)  the  conversions  (a),  as  a 
function  of  temperature,  were  calculated  as  a  ratio  between  partial  and  total  peak  area: 


A 

^ total 

where  AT  is  partial  peak  area,  i.e.  area  from  starting  point  and  given  temperature,  and 
Atotai  is  total  peak  area.  The  curves  obtained  in  this  way  are  given  in  Fig.  8. 

Temperatures  at  which  given  conversion  was  reached  at  a  given  heating  rate  was  plotted 
against  logarithm  of  the  heating  rate  (Fig.  9).  In  this  way  a  series  of  isoconversional  lines 
whose  slopes  (Eq.  4)  give  the  activation  energy  for  a  given  conversion  were  obtained. 
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Fig  8.  NC  propellant  conversion  at  different  heating  rates  as  a  function  of 
temperature  (sample  mass  is  1.5  mg) 


Fig  9.  Isoconversional  lines  for  different  degres  of  NC  propellant  conversion 
(sample  mass  is  1.5  mg) 

The  activation  energies  were  calculated  for  different  conversions,  as  well  as  for  different 
regions  -  region  without  self-heating  (for  heating  rates  slower  than  2  °C/min),  region  at 
which  self-heating  exists  (for  heating  rates  above  2  °C/min),  and  for  all  data  points.  The 
results  are  given  in  Table  2  and  graphically  in  Fig.  10. 
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Table  2.  Activation  energies  at  different  conversions  and  different  regions 


Conversion 

Activation  energy  for 
region  without  self¬ 
heating  (f3  <  2  °C/min), 
kJ/mol 

Activation  energy  for 
region  at  which  self¬ 
heating  exists  (f3  >  2 
°C/min),  kJ/mol 

Activation  energy 
calculated  from  all 
data  points  -  whole 
region  (0.2  <  (3  <  25 
°C/min),  kJ/mol 

0.02 

201.1 

181.8 

187.5 

0.55 

196.1 

165.6 

174.0 

180.4 

152.6 

160.9 

169.7 

142.0 

151.9 

0.30 

171.1 

139.8 

150.7 

0.40 

176.9 

146.1 

155.3 

0.50 

185.3 

144.3 

156.3 

0.60 

196.6 

140.7 

157.8 

Note:  values  of  activation  energy  are  the  mean  vales  for  three  samples  having  0.5,  1.5  and  2.5  mg. 
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Fig  10.  Dependence  of  activation  energy  on  conversion  at  different  testing 
conditions 

The  data  given  in  Table  2  and  Fig.  10  clearly  show  two  important  things:  a)  the 
activation  energy  changes  with  conversion,  and  b)  the  activation  energy  for  the  same  degree 
of  conversion  decreases  in  the  case  of  sample  self-heating  existence. 

It  should  be  mentioned  that  the  region  of  conversions  0  <  a  <  ~0.2  corresponds  to  the 
accelerated  stage  of  NC  sample  decomposition  (Fig.  8),  the  region  -0.2  <  a  <  -0.3 
corresponds  to  the  inflexion  point  region,  while  the  region  -0.3  <  a  <  1  corresponds  to  the 
decelerated  stage  of  NC  sample  decomposition.  The  lowest  value  of  the  activation  energy 
has  is  in  the  inflexion  point  region,  and  the  highest  value  in  the  initial  stage  of 
decomposition. 

The  values  of  the  activation  energies  obtained  by  the  Ozawa  method  and  by  the  Flynn 
and  Wall  method  should  be  comparable  in  the  case  of  equal  degree  of  conversions.  In  other 
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words,  if  conversion  at  DSC  peak  maximum  temperature  is  constant  and  does  not  vary  with 
the  heating  rates,  than  the  Ozawa  method,  and  Flynn  and  Wall  method  should  give  the  same 
value  of  the  activation  energy  for  that  conversion.  For  example,  in  the  case  of  no  self-heating 
the  mean  value  of  conversion  equals  0.523  and  the  activation  energy  calculated  by  the 
Ozawa  method  equals  199.31  kJ/mol.  For  the  same  degree  of  conversion  the  Flynn  and  Wall 
method  gives  the  activation  energy  of  188.8  kJ/mol,  i.e.  ~  5.5  %  lower  value.  Such 
difference  may  be  the  results  of  several  factors:  a)  the  conversion  at  DSC  peak  maximum 
temperature  is  not  constant  and  changes  to  some  extent  even  in  the  case  of  very  slow  heating 
rates  -  ranging  from  0.2  to  2.0  °C/min;  b)  the  errors  due  to  an  inaccurate  determination  of 
DSC  peak  maximum  temperature  and  conversion  at  the  peak  maximum,  etc. 

4.  CONCLUSIONS 

The  results  presented  in  the  paper  show  that  the  Ozawa  method  and  Flynn  and  Wall 
method  should  be  applied  for  NC  propellant  kinetic  study  with  great  care.  The  most 
important  for  the  applicability  of  the  Ozawa  method  is  to  adjust  testing  conditions  to  give  the 
same  degree  of  conversion  at  different  heating  rates  and  to  avoid  temperature  gradient  within 
sample.  To  fulfil  these  preconditions,  heating  rates  should  be  very  slow  (below  2  °C/min), 
and  sample  mass  should  be  small  (up  to  2.5  mg),  otherwise  the  values  of  activation  energy 
will  be  erroneous. 

The  results  of  the  Flynn  and  Wall  method  have  shown  that  the  activation  energy  of 
tested  NC  propellant  changes  considerable  with  conversion  -  the  maximum  value  it  has  at 
the  initial  stage  of  decomposition  (at  conversions  up  to  0.2),  and  minimum  value  at  the 
inflexion  point  region.  This  method  has  also  shown  that  the  existence  of  sample  self-heating 
yields  considerable  lower  values  of  the  activation  energy  for  the  same  degree  of  conversion, 
compared  to  values  obtained  from  data  points  at  which  self-heating  does  not  exist. 

The  Ozawa  method  and  Flynn  and  Wall  method  does  not  give  the  same  value  of  the 
activation  energy  for  the  conversion  corresponding  to  DSC  peak  maximum,  even  in  the  case 
of  very  slow  heating  rates,  which  indicates  that  the  conversion  at  the  peak  maximum 
temperature  is  not  constant  even  in  this  case. 

Since  modem  DSC  instruments  have  possibility  to  follow  both  degree  of  conversion  at 
the  peak  maximum  temperature  and  degree  of  sample  self-heating  (Fig.  2)  it  will  be  good 
practice  not  only  to  follow  these  parameters  in  each  DSC  scan  in  order  to  control  testing 
conditions,  but  also  to  report  them  when  reporting  kinetic  results. 
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Abstract: 

Gel  propellants  provide  rocket  propulsion  systems  of  high  specific  impulse,  low 
sensitivity  and  low  vulnerability  in  combination  with  the  capability  to  control  the  thrust, 
i.  e. ,  variation  of  thrust  and  thrust  cut  off  The  rheological  characterization  is  essential 
for  the  development  of  adequate  gel  propellant  formulations  and  thus  for  the  design  of 
an  applicable  propulsion  system.  In  this  contribution,  the  rheological  behavior  of  a  gel 
propellant  consisting  of  nitromethane  as  fuel  and  nanoparticles  of  silicon  dioxide  as 
gelling  agent  was  examined.  The  experiments  were  conducted  under  steady  state  shear 
flow  and  oscillatory  shear.  The  nitromethane/ silicon  dioxide  gels  exhibit  non-Newtonian 
flow  behavior  over  the  whole  concentration  range  examined.  Additionally,  a  yield  stress 
is  determined  for  all  the  gels.  The  viscoelastic  properties  are  typically  gel-like  in  that 
the  storage  and  the  loss  moduli  are  both  independent  of  frequency. 

Keywords:  gel  propellant,  rheology,  steady  state  shear  flow,  oscillatory  shear, 

nitromethane,  nanoparticles 


1.  INTRODUCTION 

In  recent  years,  the  challenge  of  achieving  high  performance  while  also  improving  the 
safety  characteristics  of  rocket  propellants  has  become  an  important  goal  within  the  industry. 
Gel  propellants  offer  the  potential  to  satisfy  such  demands  because  they  combine  certain 
advantages  of  liquid  propellants  with  other  attractive  properties  typical  of  solid  propellants. 
Gel  propellants  can  be  designed  as  mono  or  bi-propellants.  When  used  as  a  bi-propellant, 
both  the  fuel  and  oxidizer  can  be  prepared  as  gels.  The  safety  of  the  system  is  improved  by 
separating  the  fuel  and  oxidizer.  In  general,  gel  propellants  exhibit  a  specific  impulse 
comparable  to  liquid  propellants,  but  their  performance  can  be  increased  even  further 
through  the  addition  of  additives  such  as  metal  particles.  A  significant  advantage  of  gel 
propellants  over  solid  rocket  propellants  is  the  ability  to  control  the  thrust  by  controlling  the 
mass  flow  of  propellant  into  the  combustion  chamber.  The  rocket  motor  can  even  be  turned 
on  and  off  or  pulse  driven  as  required.  Furthermore,  gel  propellants  are  less  sensitive  than 
liquid  propellants  and  can  be  handled,  stored  and  transported  more  securely  because  of  their 
solid-like  properties.  This  is  especially  important  when,  for  instance,  fissures  or  leakage  sites 
develop  within  the  combustion  chamber  of  a  gel  propellant  driven  rocket  motor.  The 
viscoelasticity  of  the  gel  propellant  significantly  reduces  the  risk  that  the  propellant  will  leak 
from  the  motor  and  inadvertently  ignite. 

The  rheological  properties  of  a  gel  propellant  significantly  affect  a  number  of  key 
operational  and  production  requirements,  including  the  propellant  material  behavior,  casting 
and  spraying  operations,  and  combustion  within  the  rocket  motor.  The  characterization  of  the 
mechanical  properties  of  the  gel  provides  basic  information  critical  to  the  production  and 
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storage  of  gel  propellants,  rocket  motor  casting  as  well  as  the  design  of  the  entire  rocket 
motor  system. 

This  study  examined  the  mechanical  properties  of  nitromethane  gelled  with  nanometer 
sized  silicon  dioxide.  In  combination  with  suitable  oxidizers  and  additives,  nitromethane 
exhibits  a  specific  impulse  Is  >  2400  Ns-kg-1  and  is  much  less  toxic  than  hydrazine 
derivatives,  thus  providing  environmental  and  handling  advantages  compared  to  such 
compounds. 


2.  EXPERIMENTAL 

2.1  Steady  State  Shear  Flow 

The  rheological  behavior  of  the  gels  prepared  was  examined  in  steady  state  and 
oscillatory  shear  flow  using  a  UDS  200  rotational  rheometer  manufactured  by  Physica  MeB- 
technik  GmbH.  Cone  and  plate  measurement  fixtures  were  used. 

Under  steady  state  shear  flow,  the  characteristic  material  function  can  be  described  as 
follows: 


r(y)=7j(y)-f  (1) 

Here  r\(j> )  is  a  characteristic  material  function  that  describes  the  flow  properties  when 
the  fluid  is  subjected  to  a  rheometric  flow. 

Various  models  are  available  in  the  literature  [1'  to  describe  the  material  behavior  of 
fluids  in  stationary  shear  flow.  Examples  of  several  model  functions  [1,  21  that  describe 
nonlinear  flow  behavior  are  presented  in  this  section. 

The  power  law  function  of  Ostwald/de  Waele  can  be  used  to  model  shear  thinning 
(pseudoplastic)  or  shear  thickening  (dilatant)  flow  behavior: 

r  =  Kx-rn  (2) 

Ki  is  termed  the  consistency  coefficient  and  n  is  called  the  flow  index.  Shear  thinning 
behavior  corresponds  to  n  <  1 ,  while  shear  thickening  behavior  exists  when  n  >  1 .  Ideal 
viscous  (Newtonian)  behavior  corresponds  to  n  =  1.  This  model  is  unfortunately  not 
effective  in  describing  the  flow  behavior  of  many  fluids  at  very  small  shear  rates  (near  the 
limiting  viscosity  at  zero  shear  rate)  and  at  very  high  shear  rates.  The  viscosity  function  for 
such  power  law  fluids  is  expressed  as  follows: 

rj(f)  =  K1-rn~l  (3) 

The  model  presented  by  Ellis  is  more  suitable  for  describing  flow  behavior  in  the  low 
shear  rate  region: 


n^)=Uo^  +  K2-?j0-Tm)  (4) 

Here,  K2  and  m  are  fitted  model  parameters. 

When  the  shear  stress  applied  to  a  fluid  must  exceed  a  threshold  value  (i.e.,  yield  stress) 
before  the  onset  of  irreversible  deformation,  the  material  is  said  to  exhibit  plastic  flow 
behavior.  Below  the  yield  stress  the  fluid  exhibits  reversible  (elastic)  deformation.  Highly 
concentrated  disperse  systems,  in  which  the  solid  particulates  tend  to  aggregate,  exhibit  such 
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viscoplastic  material  behavior.  Materials  that  exhibit  a  linear  relationship  between  the  shear 
stress  and  shear  rate  at  stresses  above  the  yield  stress,  To,  are  known  as  Bingham  fluids. 

If  the  behavior  at  shear  stresses  above  the  yield  stress,  To,  is  nonlinear,  the  material  can 
be  described  by  the  Herschel-Bulkley  equation: 

T  =  T0+K-r"  (5) 

This  power  law  equation  allows  one  to  describe  shear  thinning  or  shear  thickening  fluids 
that  exhibit  a  yield  stress,  To. 

Besides  shear  rate  dependence,  non-Newtonian  behavior  can  also  manifest  itself  as  shear 
time  dependence.  For  instance,  if  a  material’s  viscosity  decreases  with  time  at  a  constant 
shear  rate,  it  is  said  to  exhibit  thixotropic  behaviour. 


2.2  Oscillatory  Shear  Flow 

In  oscillatory  shear  flow,  the  fluid  is  subjected  to  a  periodic  (e.g.,  sinusoidal) 
deformation  y(t)  with  an  amplitude  y  at  a  radial  frequency  co  =  2  n  f  . 

r(t)  =  y  sin(atf)  (6) 

At  sufficiently  small  amplitudes — i.e.,  in  the  linear  viscoelastic  range — subjecting  the 
material  to  an  oscillatory  (sinusoidal)  shear  deformation  results  in  a  sinusoidal  shear  stress 
T(t)  output.  Viscoelastic  material  behavior  is  characterized  by  the  existence  of  a  phase  shift  5 
between  the  shear  stress  output  T(t)  and  the  deformation  input  y(t): 

r(t)  =  f  •  sin(<ztf  +  d)  (7) 

By  definition,  the  phase  shift,  5,  of  a  perfectly  elastic  solid  is  zero  and  that  of  a  purely 
viscous  fluid  is  tx/2,  whereas  for  viscoelastic  fluids  0  <  5  <  n/2. 

The  shear  stress  function  can  be  described  in  terms  of  the  frequency  dependent  complex 
shear  modulus  G*(co), 

z(t)  -  y\G  {co) |  •  sin(<rrf  +  d{co))  (8) 

The  complex  shear  modulus  can  also  be  expressed  as 

|G»|  =  (9) 

I  y 

The  complex  shear  modulus  G*(co)  of  a  viscoelastic  material  is  composed  of  two 
material  functions,  a  real  and  an  imaginary  component,  called  the  storage  modulus,  G’(co), 
and  the  loss  modulus,  G”(co),  respectively.  The  storage  modulus  G’(co)  is  proportional  to  the 
deformation  energy  stored  by  the  material  (the  elastic  component),  while  the  loss  modulus 
G”(co)  is  proportional  to  the  amount  of  energy  dissipated  by  the  material  (the  viscous 
component). 

|g*(®)|  =  Vg'W2  +  G"{co)2  (10) 

Oscillatory  shear  experiments  must  be  conducted  at  deformations  within  the  material’s 
linear  viscoelastic  range.  In  this  range,  at  a  constant  radial  frequency  co,  the  deformation 
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amplitude  y  is  proportional  to  the  resulting  shear  stress  amplitude  f  ,  i.e.,  f  ~y .  This  is  only 
the  case  at  sufficiently  small  oscillatory  deformations.  Within  the  linear  viscoelastic  region, 
the  moduli  G’(oo),  G”(co)  and  G*(co)  are  independent  of  the  oscillatory  amplitude  in  tests 
conducted  at  a  constant  frequency. 


2.3  Materials 

The  gel  propellants  examined  consisted  of  nitromethane  as  the  continuous  phase  and 
nanometer  sized  silicon  dioxide  particles  as  the  dispersed  phase.  Nitromethane  exhibits 
Newtonian  flow  behavior  with  a  dynamic  viscosity  of  q(25°C)  =  0.61  mPas.  Its  density  is 
p=  1139  kg/m  .  The  silicon  dioxide  particles  were  obtained  from  Degussa  AG,  Frankfurt 
and  had  a  density  p  =  1.51  g/cm  (determined  by  gas  pycnometry)  and  a  specific  surface  area 
Sy  =  260  m“/g  (determined  by  gas  adsorption).  The  mean  size  of  the  primary  particles  was 
3c  =  7  nm. 


3.  RESULTS 

3.1  Steady  State  Shear  Flow  Behavior  of  the  Nitromethane/Silicon 
Dioxide  Gels 

Prior  to  the  rheological  characterization,  the  nitromethane/silicon  dioxide  gels  were 
stirred  for  several  hours  to  deagglomerate  the  particles  and  homogenize  the  gel.  The 
rheological  properties  were  then  determined  under  steady  state  shear  flow.  Figure  1  shows 
the  relative  viscosity  of  the  gel  as  a  function  of  shear  rate.  The  concentration  of  dispersed 
particles  was  varied  from  4  to  8  vol.  %.  Figure  1  also  shows  the  viscosity  function  of  pure 
nitromethane. 


shear  rate  y  /  s"1 


Fig  1.  Relative  Viscosity  of  the  Nitromethane/Silicon  Dioxide  Gels 
as  a  Function  of  Shear  Rate 
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The  relative  viscosity,  r|rei,  is  defined  as  the  ratio  of  the  gel  viscosity  to  that  of  the  matrix 
fluid  at  a  constant  shear  rate  y . 


Vrel 


V  nitromethane 


(11) 


With  increasing  silicon  dioxide  concentration,  more  pronounced  shear  thinning  flow 
behavior  is  observed.  This  nonlinear  material  behavior  of  the  gel  can  be  attributed  to 
particle-particle  interactions  as  well  as  the  changed  hydrodynamics  of  the  multiphase  system 
compared  to  the  single  phase  fluid.  This  viscosity  increase  as  a  function  of  concentration  is 
especially  pronounced  at  low  shear  rates.  In  this  shear  rate  region  the  interparticulate 
interactions  dominate  compared  to  the  relatively  small  hydrodynamic  forces,  so  that  the 
rheological  properties  of  the  suspension  depend  very  strongly  on  the  solids  concentration  and 
structural  interactions  within  the  suspension.  Increasing  the  shear  rate  leads  to  an  increase  in 
the  hydrodynamic  forces,  which  in  turn  results  in  a  shear  induced  structuring  of  the 
nanometer  sized  particles  and  a  corresponding  decrease  in  the  viscosity  at  a  given 
concentration.  The  viscosity  difference  as  a  function  of  concentration  is  therefore  much 
smaller  in  the  high  shear  rate  region  than  in  the  low  shear  rate  region,  due  to  the 
hydrodynamic  structuring  that  occurs  in  the  system  at  higher  shear  rates. 


Fig  2.  Relative  Viscosity  of  the  Nitromethane/Silicon  Dioxide  Gels 
as  a  Function  of  Particle  Concentration 

Figure  2  shows  how  the  viscosity  of  the  gel  depends  on  solids  concentration  at  the 
limiting  viscosity  at  zero  shear  rate  (y  ->  0 )  and  at  a  shear  rate  y  =  1000  s'1. 

As  the  silicon  dioxide  concentration  increases,  the  inner  particulate  structure  of  the 
system  becomes  ever  more  pronounced.  This  inner  quiescent  structure  in  the 
nitromethane/silicon  dioxide  gel  leads  to  the  limiting  viscosity  at  zero  shear  rate  behavior 
shown  in  Figure  2.  The  viscosity  difference  between  the  suspension  and  the  pure  fluid  is  ~ 
106  at  a  solids  concentration  cPartiCie  =  8  wt.%.  In  contrast  to  the  behavior  of  the  limiting 
viscosity  at  zero  shear  rate,  the  slope  of  the  relative  viscosity  function  at  the  maximum  shear 
rate  is  much  lower.  This  relatively  small  increase  in  the  viscosity  of  the  nitromethane/silicon 
dioxide  gel  within  this  shear  rate  range  arises  because  hydrodynamic  effects  are  dominant 
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and  lead  to  development  of  a  shear  induced  structure  within  the  silicon  dioxide  particles.  The 
viscosity  difference  may  also  indicate  that  the  gel’s  inner  structure  undergoes  reversible 
breakdown  at  such  high  shear  rates  . 

The  flow  behavior  of  the  nitromethane/silicone  dioxide  gel  can  be  described  using  the 
following  equation  for  the  shear  stress: 


r  =  r0  -rj„  -y  +  V*  ■7a  (12) 

Here  To  is  the  yield  stress  of  the  gel,  q*  is  the  viscosity  at  a  shear  rate  y  -» 0 ,  q*  is  the 
viscosity  that  characterizes  structuring  within  the  disperse  system  and  a  is  the  exponent  that 
characterizes  structural  changes  within  the  system. 
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Fig  3.  Measured  Values  and  Model  for  the  Shear  Stress 
of  a  Nitromethane/Silicone  Dioxide  Gel 

Figure  3  shows  the  measured  shear  stress  values  for  the  nitromethane/silicone  dioxide 
gel  with  a  concentration  cparticie  =  8  wt.%  compared  with  the  shear  stress  function  calculated 
from  equation  (12).  There  is  good  agreement  between  the  calculated  and  measured  values. 


3.2  Viscoelastic  properties  of  the  Nitromethane/Silicon  Dioxide  Gels 

Viscoelastic  properties  can  be  determined  via  oscillatory  shear  experiments.  The 
complex  shear  modulus  determined  via  dynamic  experiments  in  the  linear  viscoelastic  region 
can  be  separated  into  two  material  functions  as  shown  in  equation  (10),  the  storage  modulus 
G\co)  and  the  loss  modulus  G"(a>) .  Figure  4  shows  the  storage  modulus  of  the 
nitromethane/silicon  dioxide  gel  at  various  solids  concentrations. 
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Fig  4.  Storage  Modulus  as  Function  of  Frequency  of  the  Nitromethane/Silicone 
Dioxide  Gels 
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Fig  5.  Storage  and  Loss  Modulus  as  Function  of  Frequency 

of  a  Nitromethane/Silicone  Dioxide  Gel  (cPartiCie  =  8  wt.%) 

In  the  concentration  region  examined,  the  storage  modulus  was  independent  of  the  radial 
frequency,  indicating  the  existence  of  a  compact  inner  structure  in  the  nitromethane/silicone 
dioxide  gel.  Figure  5  shows  example  results  of  the  storage  and  loss  moduli  as  a  function  of 
frequency  for  the  gel  with  a  solids  concentration  cparticie  =  8  wt.%.  The  moduli  G’(co)  and 
G”(co)  are  independent  of  frequency,  meaning  that  within  this  frequency  range  the 
nitromethane/silicone  dioxide  gel  exhibits  elastic,  solid-like  behavior. 

From  this  rheological  study  the  following  hypothesis  concerning  the  material  behavior 
of  gel  propellants  are  proposed: 
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•  A  gel  propellant  must  exhibit  shear  thinning  behavior  when  subjected  to  stationary 
shear  flow 

•  The  limiting  viscosity  at  zero  shear  rate  (r(o)  of  a  gel  propellant  should  be  as  high  as 
possible 

•  The  shear  viscosity  at  high  shear  rate  (poo)  of  a  gel  propellant  should  be  sufficiently 
small 

•  A  gel  propellant  should  exhibit  a  yield  stress  To. 

•  The  elastic  component  of  the  complex  modulus  must  always  be  higher  than  the 
viscous  component 

•  The  moduli  G’(co)  and  G”(oo)  should  be  independent  (or  nearly  independent)  of  the 
oscillatory  frequency  oo 


4.  CONCLUSIONS 

The  nitromethane/silicone  dioxide  gels  examined  in  this  study  exhibited  pronounced 
shear  thinning  behavior  with  a  yield  stress  when  subjected  to  stationary  shear  flow.  This 
behavior  is  attributable  to  the  inner  structure  of  the  gel,  which  leads  it  to  exhibit  solid-like 
properties.  At  high  shear  rates  the  hydrodynamic  forces  exceed  the  interparticle  interaction 
forces,  producing  flow  induced  structuring  of  the  nanometer  sized  silicon  dioxide  particles 
and  pronounced  nonlinear  flow  behavior.  The  shear  stress  equation  introduced  in  this  work 
accounts  for  the  change  in  the  inner  particle  structure  during  stationary  shear  flow  and  thus 
provides  a  good  description  of  the  material  behavior  of  this  class  of  nitromethane  gel 
propellants.  The  oscillatory  shear  experiments  showed  that  the  storage  and  loss  moduli  were 
independent  of  frequency  in  the  range  examined,  meaning  that  the  gel  exhibits  elastic 
behavior  at  low  frequencies. 
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Abstract: 

Synthesis  of  nano-structures  with  predetermined  characteristics  and  development  of 
functional  materials  on  their  basis  have  become  one  of  the  priority  problems  in  the 
materials  science.  Nano-particles  possessing  the  size  in  the  range  1-100  nanometers 
often  show  in  comparison  with  materials  formed  by  particles  of  the  micron  size  often 
possess  unusual  characteristics  .Working  out  energetic  condensed  systems,  especially 
photosensitive  primary  explosives  for  the  systems  of  laser  initiation  is  one  of  the  primary 
branches  of  application  of  nano-structured  materials.  We  have  synthesized  and 
investigated  mercury  (II)  complex  perchlorate  with  5-hydrazinotetrazole  as  a  ligand 
(compound  (I))  as  a  potential  photosensitive  primary  explosive.  This  complex  having 
particles  of  1.1  ±0.8  pm  size  demonstrated  the  highest  sensitivity  to  laser  irradiation 
combined  with  an  extremely  low  initiation  threshold.  On  the  basis  of  compound  (I)  the 
photosensitive  formulation  EC-2  containing  ~  90  %  of  the  complex  mercury  perchlorate 
and  ~  10  %  of  an  optically  transparent  polymer  as  an  inert  matrix  has  been  proposed. 
Formulation  EC-2  has  externally  high  sensitivity  to  Q-switch  IR-laser  irradiation. 
Formulation  EC-2  with  added  ultra  disperse  diamonds  (UDD)  (<100  nm)  has  shown 
lower  initiation  thresholds  in  comparison  with  neat  EC-2  or  EC-2  with  added  sub- 
micron  black  carbon  instead  of  UDD.  To  increase  the  safety,  an  optical  detonator  on  the 
basis  of  EC-2  separated  from  the  high  explosive  charge  (HE)  by  a  metal  cup,  has  also 
been  studied. 

Keywords:  complex;  explosives;  initiation  systems;  laser;  pulse,  UDD, 

optical  detonator 


1.  INTRODUCTION 

Synthesis  of  nanostructures  with  predetermined  characteristics  and  development  of 
different  functional  materials  on  their  basis  have  become  one  of  priority  problems  in  the 
materials  science.  Nanoparticles  possessing  the  size  in  the  range  1-100  nanometers  often 
show  unusual  properties  in  comparison  with  those  of  the  micron  size.  Grade  of  the  particles 
substantially  changes  macroscopic  properties  of  materials.  The  high  reactivity  of 
nanoparticles  is  apparently  due  to  the  growth  in  the  ratio  of  the  particles’  surface  to  their 
volume. 
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From  among  the  numerous  applications  of  nanostmctured  materials  it  is  expedient  to 
single  out  the  design  of  energetic  condensed  systems,  for  example,  photosensitive  primary 
explosives  (PE)  for  the  systems  of  laser  initiation. 

Laser  initiation  is  currently  a  widespread  means  of  PE  blasting  due  to  its  higher  safety. 
In  the  optical  range  there  are  no  sporadic  energy  sources  capable  of  blasting  the  optical 
detonator  (OD).  Laser  initiation  guarantees  a  high  level  of  isolation  of  the  OD  from 
occasional  pulses  transferred  along  the  communication  line  from  a  pulsed  laser.  OD  is 
tolerant  both  to  electromagnetic  interference  and  to  discharges  of  static  electricity.  A 
photosensitive  energetic  compound  is  one  of  the  basic  elements  of  the  laser  initiation  circuit. 
As  compared  to  the  other  means  of  shock  initiation,  laser  radiation  has  a  number  of  features. 
Irradiation  of  a  photosensitive  explosive  by  the  laser  mono  pulse  results  in  a  sequence  of 
complicated  nonlinear  nonequilibrium  thermochemical  processes  that  can  be  divided  into 
several  stages,  the  main  ones  being:  1)  light  absorption  by  the  substance,  2)  energy  and 
matter  transfer,  3)  chemical  reactions  of  thermal  decomposition. 

Laser  IR  radiation  provides  high  rates  of  local  changes  in  temperature  of  the  irradiated 
material  approaching  to  1010  Ks  1  and  forming  the  gradients  of  temperature  up  to  107  K'cm"1 
that  result  in  strong  interactions  of  energy,  substance,  charge  and  other  streams  in  the 
sample..  Such  parameters  can  be  achieved  with  no  other  ways  of  influence.  The  modem 
theory  of  the  initiation  of  high  explosives  (HE)  under  the  conditions  of  pulsed  stimuli  is 
based  on  the  concept  of  "hot  spots”  -  the  centers  of  intense  local  heating  that  are  responsible 
for  fast  reactions  of  thermal  decomposition,  including  an  explosion.  Local  heating  centers 
are  formed  owing  to  the  structural  heterogeneity  of  the  substance  (dot  defects,  congestions  of 
vacancies,  dislocations,  interfaces,  etc.),  chemical  impurities,  microinclusions  occurring  due 
to  non-stoichiometric  composition  of  the  initial  products,  presence  of  various  additives  and 
so  on.  The  defects  can  also  arise  in  the  field  of  an  intense  light  wave.  The  main  hypothesis 
of  warming  up  the  optical  dissimilarities  resulting  in  HE  ignition  has  been  taken  up  to 
rationalize  the  laser  initiation  considering  short  duration  and  therefore  the  high  power  of  the 
laser  pulse.  Carbon  inclusions  embedded  in  organic  high  explosives,  or  metal 
microinclusions  present  in  heavy  metal  azides  can  play  the  role  of  the  nuclei.  The  smallest 
size  of  experimentally  found  “hot  spots  ”  under  the  action  of  laser  monopulse  (Q-switch)  ( X 
=  1064  nm,  xq  =  8  ns)  depends  upon  the  nature  of  an  explosive.  In  a  covalent-bonded 
explosive  (RDX,  hexogen)  it  equals  to  ~20  nm.  For  ionic  compounds(viz.,  ammonium 
perchlorate,  NH4CIO4)  the  size  of  hot  spots  is  larger  and  amounts  to  -  200-300  nm  or  even  to 
1000  nm.  The  center  of  decomposition  is  most  likely  located  at  depth  of  the  substance  rather 
than  on  its  surface.  Such  location  is  more  favorable  for  the  development  of  thermal 
decomposition  processes  due  to  minimal  scattering  of  the  hot  products  of  explosion  from  the 
initiation  zone.  For  the  visible  and  near  infra-red  regions  of  electromagnetic  spectrum  HE 
behaves  as  a  diffuse-dispersing  medium  with  a  closely  packed  diffuser.  On  irradiation  of  a 
sample  a  repeated  light  scattering  takes  place  in  its  volume  that  results  in  the  growth  of 
illumination  inside  the  sample  and  leads  to  the  production  of  hot  spots  in  the  most 
illuminated  zone  located  in  the  volume  of  the  irradiated  sample. 

It  was  possible  to  explain  regularities  of  HE  initiation  with  laser  monopulse  using  the 
hypothesis  of  “hot  spots”  as  ignition  centers.  Supersonic  cracking  in  a  charge  during 
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irradiation  explains  the  high  sensitivity  to  laser  monopulse  of  confined  HE  with  partly 
blocked  ways  for  scattering  of  the  gaseous  reaction  products.  The  process  of  HE  cracking 
may  also  result  in  the  failure  of  ignition.  The  above  assumption  allowed  to  explain  the 
significant  increase  in  sensitivity  of  pressed  HE  charges  having  a  glass  plate  near  their  free 
surface. 

As  opposed  to  HE,  the  ignition  of  PE  by  laser  monopulse  does  not  depend  on  the 
presence  of  a  barrier  at  the  surface  of  explosive.  It  means  that  the  rate  of  chemical  reaction  in 
PE  is  so  high  that  scattering  of  gaseous  products  in  free  space  does  not  significantly 
influence  the  process  of  ignition  under  the  action  of  laser  IR  radiation.  Among  various 
energetic  compounds  inorganic  azides  show  the  greatest  susceptibility  to  laser  irradiation. 
Monocrystals  of  a-lead-  and  silver  azides  have  a  threshold  of  initiation  equal 
to  4  -  6  mJ-cm  ’  .  As  the  size  of  HE  monocrystals  is  reduced,  the  critical  density  of  initiation 
energy  grows.  There  exist  the  limiting  sizes  of  monocrystals  capable  of  detonation.  The 
samples  of  smaller  dimensions  decompose  without  explosion  at  any  capacity  of  the  initiating 
laser  monopulse.  There  exists  great  variability  in  the  sensitivity  of  pressed  charges  of  lead 
azide  to  the  monopulse  of  the  Nd-laser  (from  ~10  mJ-cnT-  up  to  ~1  Ecm'  )  according  to  the 
data  of  different  authors.  Such  deviations  are  apparently  connected  with  dissimilar 
conditions  of  the  experiments,  first  of  all  with  variations  in  the  area  of  the  irradiated  zone.  It 
has  been  found  that  the  energy  necessary  for  initiation  decreases  and  approaches  its  lowerl 
limit  with  the  diminution  of  the  area  of  a  light  stain.  Thus  the  threshold  of  the  energy 
density  indefinitely  grows.  As  the  size  of  the  influence  zone  grows,  the  threshold  of  energy 
density  decreases  gradually,  reaching  the  limiting  value. 

Minding  the  results  of  the  investigation  on  the  influence  of  crystal  size  on  the 
susceptibility  of  photosensitive  PE  to  the  laser  pulse,  it  is  possible  to  suppose  that  each 
photosensitive  compound  has  its  optimal  size  of  particles  possessing  the  lowest  threshold  of 
initiation.  Their  diameter  should  be  close  to  the  size  of  “hot  spots”  Apparently,  the  size  of 
nanostructures  for  energetic  ionic  compounds  should  be  less  than  100  nanometers,  according 
to  the  latest  results  in  the  investigation  of  centers  of  intense  local  heating  emerging  under  the 
laser  initiation  of  PEf1'61. 

2.  DISCUSSION 

We  have  synthesized  and  investigated  as  potential  photosensitive  energetic  primary 
explosives  a  number  of  complex  perchlorates  of  mercury  (II)  with  hydrazinoazoles  as 
ligands.  Our  choice  is  based  on  the  high  positive  enthalpy  of  formation  of  hydrazinoazoles, 
high  oxidizing  ability  of  the  perchlorate  ion  and  high  ionization  potential  of  the  mercury 
cation.  The  perchlorate  complex  of  mercury  with  5-hydrazinotetrazole  as  ligand  showed  the 
greatest  sensitivity  to  the  laser  monopulse.  A  laboratory  synthesis  of  the  complex  may  be 
carried  out  by  mixing  of  solutions  of  a  mercury  salt  (for  example,  acetate)  and  the  ligand  (5- 
hydrazinotetrazole)  in  HCIO4  according  to  the  general  scheme: 
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The  residue  was  filtered,  washed  successively  with  water  and  alcohol  and  then  dried. 
Salt  I  can  be  prepared  on  the  multipurpose  automatic  laboratory  installation  designed  for  the 
synthesis  of  energetic  materials  (Fig.l). 

The  perchlorate  complex  of  mercury  (I)  is  a  white  crystalline  solid  with  the  following 
characteristics  (Table  1): 

Table  1.  Characteristics  of  complex  I. 


Property 

Value 

Molecular  weight 

499.5 

Density  of  monocrystals  (Calc.). 

3.45  g  /  cm3 

Oxygen  balance 

+12.8  % 

Oxygen  coefficient 

+  180% 

Ignition  temperature  (5  s  delay) 

186  °C 

Onset  of  thermal  decomposition 

175  °C 

Impact  sensitivity  (Veller  drop  hammer) 

60  mm  /125  mm 

Flame  sensitivity 

(100  %  ignition  /  100  %  refusal) 

60  mm  /1 50  mm 

Detonation  velocity  at  density  3.4  g  /  cm"  (Calc.). 

6  km/ s 

Minimum  charge  of  I  for  RDX  in  blasting  cap  N°8 

~  0.015  g 

Coordination  compound  1  is  a  nonhygroscopic  solid,  insoluble  in  alcohol,  acetone, 
aliphatic,  chlorinated  and  aromatic  hydrocarbons  and  soluble  in  dimethylsulphoxide.  It  is 
decomposed  by  an  alkaline  solution  of  KMn04  to  produce  unexplosive  compounds. 
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Fig  1.  Multipurpose  automatic  laboratory  installation  for  the  synthesis 
of  energetic  materials 

As  was  shown  by  the  microscopic  dispersion  analysis,  the  synthesized  complex  contains 
both  fine  and  coarse  crystals  (Table  2,  Fig.  2  -  3): 


Fig  2.  SEM  photograph  of  polydispersion  crystals  of  I 
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Fig  3.  SEM  photograph  of  mixture  of  fine  and  coarse  crystals 

of  I  under  higher  magnification. 

Table  2.  Distribution  of particle  size  of  complex  I 


N 

D  pm 

D  min  -  D  max 

935 

1.1  ±0.8 

0.5-8. 1 

N  -  data  file,  D  -  average  size  of  crystals. 


The  microscopic  dispersion  analysis  of  complex  I  was  carried  out  on  an  electronic 
microscope  JSM-35CF  (JEOL  company,  Japan). 

Application  of  complex  1  as  photosensitive  PE  is  problematic  because  of  its  high 
sensitivity  to  mechanical  stimuli  and  propensity  to  spontaneous  aggregation  of 
nanostructures  resulting  in  the  increase  of  the  threshold  of  laser  monopulse  initiation.  The 
problem  of  stabilization  of  ultradispersed  powders  of  energetic  compounds  is  usually  solved 
by  preparing  composite  materials  containing  sub-micron  particles  of  solids  embedded  into  a 
chemically  inert  polymer  matrix.  Such  procedure  allows  to  avoid  aggregation  of  sub-micron 
particles,  protects  them  from  external  influences  but  considerably  hinders  practical 
application  of  such  materials.  Optically  transparent  polymers  are  traditionally  used  as  an 
inert  matrix.  Polymer  bund  samples  of  mercury  complex  perchlorate  I  have  an  increased 
sensitivity  to  laser  pulse  in  comparison  with  the  pressed  charge  of  the  metal  complex.  The 
initiation  threshold  reduces  to  2,3  mJ/cnr  (f  =  1.06  pm,  xq  =  30  ns,  d  beam=  4  mm),  which  is 
smaller  than  that  for  the  pressed  charges  of  heavy  metal  azides.  The  sensitivity  to  mechanical 
stimuli  for  such  formulation  is  reduced  to  the  level  of  TIE  making  them  safe  enough  for 
transportation,  storage  and  application. 

The  photosensitive  formulation  EC-2  consists  of  ~  90  %  of  mercury  complex  perchlorate 
I  and  ~  10  %  of  an  optically  transparent  polymer.  For  example,  polymethyl  vinyl  tetrazole  II 
can  be  used  as  a  matrix.  Properties  of  polymer  II  are  listed  in  Table  3. 
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Table  3.  Physical  and  chemical  characteristics  of  polymer. II. 


N 

Property 

1 

Intrinsic  viscosity  in  DMF,  10"  m  /kg 

0.64 

Mass  fraction  of  the  residual  monomer,  % 

0.09 

3 

Mass  fraction  of  ashes,  % 

0.16 

4 

Mass  fraction  of  moisture,  % 

1.9 

5 

Weight  average  molecular  weight 

68400 

6 

Number  average  molecular  weight 

27700 

7 

Polydispersity  coefficient 

2.5 

8 

Enthalpy  of  formation,  kJ/kg  (Calc.). 

1850 

A  suspension  of  EC-2  formulation  in  a  volatile  solvent  was  deposited  on  the  substrate 
surface.  Photosensitive  film  charges  were  manufactured  according  to  this  procedure.  These 
films  were  used  in  laboratory  experiments  for  the  generation  of  shaped  shock  waves, 
hardening  of  steel  by  explosion,  development  of  test  models  of  optical  detonators. 

Table  4.  Results  of  derivatographic  analysis  (rate  of  heating  5K/min) 


Sample 

De¬ 

comp. 

stage 

AT 
of  the 
effect, 
[°C] 

T  max 

of  the 
effect, 
[°C] 

Mass 

loss, 

[%] 

Character 
of  the 
effect 

Complex  I 

1 

170-195 

186 

30 

Exo 

2 

195-260 

200 

40 

Exo 

Polymer  II 

1 

220-310 

275 

40 

Exo 

Complex  I  -  90% 

+  Polymer  II  -  1 0% 
(Formulation  EC  -2) 

1 

170-195 

186 

30 

Exo 

2 

195-270 

200 

70 

Exo 

The  influence  of  polymer  II  on  salt  I  decomposition  was  of  great  interest.  The  results  of 
derivatographic  analysis  are  given  in  Table  4. 
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From  Table  4  it  is  obvious  that  salt  I  decomposition  takes  place  in  2  steps.  The  1st  step  is 
the  ligand  oxidation,  the  2nd  one  is  the  total  decomposition  of  the  complex.  Table  4  also 
shows  that  polymer  II  decomposes  in  a  single  step  that  involves  tetrazole  ring  destruction.  It 
is  also  seen  that  formulation  EC  -2  decomposes  in  2  steps,  like  salt  I.  The  oxygen  balance  of 
EC -2  is  near  zero  so  that  its  destruction  produces  only  gaseous  products  of  decomposition. 

The  results  also  show  that  Polymer  II  and  complex  I  are  compatible. 

Since  explosives  are  convenient  models  for  investigating  fast  reactions  in  chemically 
active  media,  so  it  seems  rather  important  to  test  the  sensitivity  of  light-sensitive  explosives 
to  laser  initiation,  though  the  mechanisms  of  their  low  threshold  initiation  are  not  yet  worked 
out. 

Sheets  of  light-sensitive  EC-2  explosive  (thickness  ~1.5  mm,  diameter  -5  mm)  were 
also  prepared  and  investigated  in  this  respect.  Two  lasers,  viz.,  Nd-glass  laser  for  the 
investigation  of  ignition  in  a  monopulse  mode  (xq  =  30  ns),  and  a  laser  with  an  active 
element  comprising  Nd-containing  potassium-gadolinium  tungstate  were  used  to  generate 
initiation  in  a  free  generation  mode  (xq  =  30  ps).  Both  lasers  operate  at  wavelength  1060 
nm.  The  laser  beam  illuminates  the  central  area  of  charges.  The  thresholds  of  initiation  of 
the  charges  were  calculated  with  50%  probability  of  ignition.  The  accuracy  of  calculation  of 
the  thresholds  of  initiation  was  near  20%.  The  thresholds  of  initiation  were  calculated  in 
terms  of  the  minimum  energy,  E0  (mJ),  or  minimum  of  energy  density  H0  (mJ/crrf ).  The 
results  of  experiments  are  listed  in  Tables  5-7. 

Table  5.  The  sensitivity  of  EC-2  explosive  as  a  function  of  the  diameter 
of  illumination  zone  (zq  =  30  ns) 


d,  diameter 
of  illuminated  zone, 

E0 

H0 

[mm] 

[mJ] 

2 

[mJ/cnr] 

0.48 

1.8  x  10'2 

10.14 

3.18 

0.6 

7.48 

9.52 

1.8 

2.57 

Table  6.  The  thresholds  of  initiation  of  EC-2  explosive  as  a  function  of  exposure 


d,  diameter 

E0 

H0 

pulse  duration 
[ns] 

of  illuminated  zone 

[mm] 

[mil 

2 

[mJ/cnr] 

30 

1.02 

6.8  x  10'2 

8.32 

30  x  103 

1.02 

2.52 

308.4 
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Table  7.  Delay  of  ignition  of  EC-2  explosive  as  a  function  of  energy  density 
of  the  laser  beam  (zq  =  30  ps) 


H0, 

J/cm2 

Delay, 

x,  ps 

0.26 

15 

0.35 

14.5 

1.10 

11.5 

3.06 

1 

It  was  found  that  the  sensitivity  of  EC-2  explosive  depended  both  on  the  diameters  of  the 
illuminated  zone  and  on  the  duration  of  illumination  with  the  laser  beam  (see  Tables  5,  6). 
The  thresholds  of  initiation  of  EC-2  explosive  are  smaller  then  those  published  for  lead 
azide.  For  example,  they  are  H0  -10.1  mJ/cnr  for  EC-2  explosive  and  H0  -23.4  mJ/cnr  for 
a  pressed  charge  of  lead  azide  (1500  MPa)  of  -0.48  mm  rs|  in  diameter. 

The  times  of  ignition  delay  for  EC-2  explosive  depended  on  the  energy  density  of  the 
laser  beam,  H0,  and  were  always  smaller  then  the  duration  of  free  generation  (see  Table  7). 

It  is  known  that  black  particles  of  carbon  of  micron  size  decrease  the  thresholds  of 
initiation  of  explosive  charges  by  non-Q-switch  IR-laser  pulses  f?l. 

But  there  also  exist  some  unknown  effects  of  other  forms  of  carbon  on  the  sensitivity  of 
explosive  charges  to  laser  pulses. 

The  results  of  investigation  of  the  influence  of  black  carbon  (particle  size  -  1  pm)  and 
nano-diamonds  (ultra  disperse  diamonds  of  detonation  synthesis,  UDD)  (particle  size  <100 
nm)  on  the  sensitivity  of  charges  of  EC-2  to  Q-switch  IR-laser  pulses  are  presented  in  Table 
8  (X  =  1.06  pm,  Tq  —  8  ns,  ddiafragm=  0.86  mm). The  diameter  of  charges  of  EC-2  equals  to  5 
mm  and  its  thickness  is  2  mm. 

Table  8.  Initiation  of  EC-2  by  Q-switch  laser  pulse. 


Charge 

E0,  pJ 

Result  of  initiation 

EC-2 

310 

Explosion 

EC-2  +  1%  black  carbon 

600<  E0<2  000 

Explosion 

EC-2  +  0,5%  UDD 

260 

Explosion 

EC-2  +  1%  UDD 

200 

Explosion 

EC-2  +  3%  UDD 

190 

Explosion 

EC-2  +  5%  UDD 

340 

Explosion 

The  micron  size  black  carbon  has  been  found  to  be  a  phlegmatizer,  increasing  the 
threshold  of  initiation  of  EC-2.  Black  carbon  increases  the  area  of  irradiation  absorption  that 
results  in  the  growth  in  the  threshold  of  initiation  and  increase  in  the  dissipation  of  laser 
energy  from  the  surface  of  the  charge. 
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The  influence  of  UDD  on  EC-2  differs  from  that  of  black  carbon.  UDD  has  high 

x* 

enthalpy  of  formation.  The  experimental  value  of  AH  o  of  UDD  is  about  2.56-2.95  MJ/kg  and 
calculated  AHfo  equals  to  3.5  MJ/kg  f9'.  UDD  in  up  to  -3%  concentration  increases  the 
sensitivity  of  EC-2  to  Q-switch  laser  pulse.  This  effect  may  be  the  result  of  increasing  of 
energy  absorption  inside  the  EC-2  charge  because  of  an  extremely  high  refractive  index  of 
UDD.  An  increased  quantity  of  UDD  decreases  the  sensitivity  of  EC-2  to  the  monopulse  of 
IR-laser,  playing  the  role  of  an  inert  substance  lowering  the  sensitivity  of  EC-2  to  laser 
pulse. 

So  UDD  is  the  first  example  of  a  substance  which  increases  the  sensitivity  of  a  light 
sensitive  energetic  material  to  Q-switch  laser  pulse. 


Formulation  EC-2  found  practical  application  in  some  research  projects.  For  example,  an 
optical  detonator  (OD)  in  which  EC-2  formulation  for  the  sake  of  increased  safety  was 
separated  from  the  secondary  high  explosive  by  a  metal  cap,  has  been  studied  .Optical 
fiber  guide  400-600  pm  in  diameter  was  used  for  the  laser  irradiation  of  OD.  The  cap  was 
coated  with  EC-2  formulation  ~1.5  mm  thick  (Fig.  4). 


I  2  2 


1  -  case 

2  -  an  aluminum  ring 

3  -transparent  protective  layer 

4  -  charge  of  EC-2 

5  -  charge  of  HE 


Fig  4.  The  scheme  of  OD 


Trial  tests  showed  that  EC-2  sensitivity  to  the  Q-switch  Nd-laser  pulse  exceeded  that  of 
lead  azide  (-80  pJ).  In  particular,  the  50  %  explosion  probability  of  the  model  OD  charged 
with  EC-2  in  the  mono  pulse  mode  of  initiation  took  place  at  radiant  energy  of  20  pJ,  while 
in  the  free  generation  mode  it  comprised  2,5  mJ.  Initiation  of  EC-2  in  all  cases  resulted  in  the 
transfer  of  detonation  to  the  HE  charge.  Thus,  the  model  of  a  safe  OD  of  new  generation  has 
been  developed  and  successfully  tested. 

Consequently,  a  complex  perchlorate  of  mercury  with  as  5-hydrazinotetrazole  as  a 
ligand  and  formulation  EC-2  on  its  basis  are  promising  energetic  materials  for  the 
investigation  of  laser  initiation  and  development  of  safety  initiation  systems. 
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STUDIES  AND  RESEARCHES  REGARDING  THE  UTILIZING  OF 
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Abstract: 

In  this  paper  it  is  presented  a  mathematical  model  of  firing  phenomenon,  using  the 
results  obtained  during  of  the  powder  burning  in  close  bomb.  On  the  base  of  the 
mathematical  model  was  elaborated  an  interior  ballistic  soft,  which  allows  to  study  the 
variation  of  the  powder  gases  pressure  and  the  projectile  velocity  versus  its 
displacement  inside  of  grooved  barrel  and  versus  time.  For  an  extant  weapon,  the 
theoretical  results  that  was  obtained  with  the  aid  of  this  soft  and  the  experimental  data 
are  compared. 

Keywords:  close  bomb,  powder  burning,  geometrical  law,  firing  phenomenon 


1.  INTRODUCTION 

The  fundamental  problem  of  interior  ballistics  it  is  solved,  in  many  cases,  accepting  a 
series  of  simplified  assumptions,  due  to  complexity  of  the  firing  phenomenon.  Thus,  in  many 
works  of  literature  [1,  2’  3’  41  it  is  admitted,  among  others,  the  geometrical  law  for  powder 
burning,  proposed  by  French  researcher  Vieille  and  a  constant  index  of  burning  rate  law. 


PRESSURE  [bar] 


Fig  1.  Pressure  in  close  bomb  versus  time. 
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In  the  proposed  mathematical  model,  for  the  powder  burning  was  utilized  the  physical 
law  which  reflects  better  the  reality  of  firing  phenomenon,  and  uses  the  experimental  results 
obtained  during  the  powder  burning  in  the  close  bomb  at  densities  much  bigger  than  the 
densities  from  guns.  The  index  from  the  burning  rate  law  is  variable.  It  is  determinated  as  a 
function  of  the  pressure  using  the  pressure  in  close  bomb  P(x),  which  are  presented  in  Fig. 
1. 

The  elaborated  mathematical  model  is  consisted  of  the  differential  and  algebraic 
equations.  By  solving  the  differential  and  algebraic  equations  system,  in  numerical  way  with 
the  aid  of  the  computer,  it  is  obtained  the  variation  of  gases  pressure  and  projectile  velocity 
versus  its  displacement  within  the  barrel  and  versus  time  since  the  beginning  of  powder 
burning,  which  defines  the  content  of  fundamental  problem  of  interior  ballistics. 

The  signification  of  the  used  parameters  is  that  established  in  literature  [1,2,3’41. 


2. 


MATHEMATICAL  MODEL 


The  elaborated  mathematical  model  is  based  on  the  main  differential  and  algebraical 
equations  of  interior  ballistics  f1,2,31  5  thus: 


-  the  fundamental  equation  of  interior  ballistics: 


SP^Mf  +^)=/© 


( 


M'  + 


V  Tim  J 

-  the  equation  of  projectile  translation  motion: 

m^  =  sP 


(i) 


(2) 


or 


m'-f=sP 

-  the  burning  rate  law: 


de 

dx 


=  APy 


or 


A ’f  =  Apv 
dt 

-  the  rate  of  gases  forming: 


A  =  ^apv 


dt 


or 


^  =  ±aApv 

dt  e\ 


(2) 

(3) 

(3) 

(4) 

(5) 


The  differentiyal  equation  of  displacement  is  obtained  with  the  aid  of  the  fundamental 
equation  of  interior  ballistics  and  of  the  equation  of  projectile  translation  motion,  thus: 
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(pg  vdv 


(6) 


'  V  Z03  .  v2 

T  '  O 

vlim 

where: 

^  =^0(«-M;  «=1-f ;  6  =  A(a_i)’li/  =  (i:_|)/(p  +  a_|) 

For  the  obtaining  of  velocity  differential  equation,  it  is  admit  that  in  close  bomb  and  in 
gun  has  been  burned  the  same  thickens  of  powder  grain  and  it  is  took  into  account  the 
equation  of  projectile  translation  motion,  thus: 


,  /  \v— 1 

dv  _  P_  j 

dl  q>q\p  J 

The  differential  equation  for  time  has  got  the  following  form: 


(7) 


(8) 


These  equations  have  been  adequately  transformed  in  order  to  allow  the  utilizing  of 
experimental  data,  obtained  during  the  powder  burning  in  close  bomb,  at  the  solving  of 
fundamental  problem  of  interior  ballistics. 

So,  it  is  adopted  as  an  independent  variable  £, ,  defined  as  ratio  between  impulse  value  of 
powder  gases  pressure  at  certain  moment  I  and  impulse  value  of  powder  gases  pressure  at 
the  fragmentation  moment  Is ,  in  the  case  of  multiperforated  powders.  In  the  case  of  simple 

shape  powders,  impulse  I  s  is  changed  with  impulse  Ik  . 

In  order  to  increase  level  of  generality  of  these  equations  are  utilized  following 
dimensionless  variables: 


vlim  ^0  ’  him 

where: 


2/(0  .  _  cpg  viim 

hm  V  0(P<7  ’  hm  s  P 

Utilizing  the  dimensionless  variables,  the  equation  (6)  becomes 


dX  _  o  E  ndri 
dC  0  dC 

where 

r  _  a-b\\i+X 

~  2~ 

V  —  T| 


(9) 
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Taking  into  account  that  dl  =  IsdC,  and  v  =  rj  vj  im ,  the  equation  (7)  gets  the  form 


,  j — —  /  \  v — 1 

dr\_  BQ  f  P  | 

dC,  V  2  \p ) 


(10) 


The  differential  equation  for  time  (8),  after  the  utilizing  of  the  dimensionless  variables 
and  the  changing  of  with  its  expression  from  equation  (9),  becomes 


ds=2_L_^0_iL  /fiOfzy  1 
dC  him  vlim  ®  «  2  y  p  J 


(11) 


After  the  introducing  of  the  dimensionless  variables  in  the  equation  of  projectile 
translation  motion,  this  gets  the  form 


(12) 


It  is  eliminated  the  pressure  from  equations  (9),  for  displacement,  from  (10),  for 
velocity,  from  (1 1),  for  time  and,  finally,  it  is  obtained: 


dX 


1  / -  /  \V-l 

dr\_=  m  EP) 
dC  V  2  (,/aJ 


(13a) 

(13b) 


ds  =  EPY 


(13c) 


(13d) 


For  the  index  v  from  burning  rate  law,  it  was  taken  a  variable  value  that  is  calculated  on 
the  base  of  experimental  data  from  close  bomb,  for  two  densities  of  charge,  with  the  aim  of 
relation 


v  =  1  — 


(14) 


The  differential  and  algebraical  equations  system  (13)  can  be  used  in  first  period  and  as 
well  as  second  period  of  the  firing  phenomenon. 

The  differential  and  algebraic  equations  system  of  projectile  motion  within  grooved 
barrel  (13)  represents  the  new  mathematical  model  which  allows  to  study  the  variation  of 
gases  pressure  and  projectile  velocity  versus  its  displacement  and  versus  time  in  conditions 
closer  of  the  reality  of  the  firing  phenomenon. 
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3. 


DETAILS  CONCERNING  THE  INTEGRATION  OF  DIFFERENTIAL 
AND  ALGEBRAICAL  EQUATIONS  SYSTEM 


The  differential  and  algebraical  equations  system  (13)  was  integrated  using  the  fourth 
order  Runge-Kutta  method,  with  the  aid  of  following  initial  conditions: 


in  which: 


Co 


h 

is 


C  =  Co  d  =  do  =0;  ^  =  ^0  =  o;£  =  £0^o, 


2.303  4(f-«A)i  (P0  x 

dim  /A  ' 


The  first  period,  in  the  case  of  multiperforated  powder  grains  has  two  phases. 

In  the  first  phase,  from  the  moment  of  the  inflammation  of  powder  until  the  moment  of 
breaking  of  powder  grains,  when  \\i  <  \\rs  and  v  <  1 ,  it  is  integrated  equations  system  (13). 

In  the  second  phase,  from  the  moment  of  powder  grains  breaking  until  the  moment  of 
the  end  of  powder  charge  burning,  when  \\r  s  <  \|/  <  1  and  v  =  1 ,  the  system  (13)  becomes: 


II 

"S3 "S3 

?■>* 

(15a) 

II 

?r| 

"S3  |  "S3 

[bo 

2 

(15b) 

d&  _ 

1  IsE 

(15c) 

dC  dim  ./A 

33 

II 

(15d) 

In  the  equations  of  this  system  is  not  included  the  pressure  P  from  close  bomb.  However, 
the  solving  of  this  system  is  done  with  the  aid  of  the  curve  P(  x  ),  because  the  values  for  \| / 
from  E  relation  are  calculated  on  the  base  of  experimental  data. 

In  the  second  period,  from  the  moment  of  the  end  of  powder  charge  burning  until  the 
moment  when  projectile  leaves  the  barrel,  \\j  =  1  and  v  =  1 ,  the  expression  for  E  becomes 

_  a-b+'k 


The  initial  conditions  for  the  integration  of  differential  and  algebraical  equations  system 
(15)  are  just  values  of  ballistic  magnitudes  at  the  moment  of  end  of  powder  burning. 

If  the  solving  is  effectuated  for  the  powder  that  bums  without  breaking  and  in  the 
conditions  of  the  burning  rate  law  u  =  u\P ,  in  which  v  =  1 ,  than  it  is  utilized  the  system 
(15),  taking  into  consideration  the  particularities  of  the  second  phase  of  the  powders  that 
bum  with  the  breaking  of  grains. 
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4. 


RESULTS  AND  CONCLUSIONS 


In  the  Fig.2  and  Fig. 3  it  is  presented  the  variation  of  gases  pressure  and  projectile 
velocity  versus  its  displacement  and  time  ,  obtained  with  the  aid  of  the  interior  ballistics 
soft  that  was  elaborate  on  the  base  of  proposed  mathematical  model,  for  an  extant  gun.  The 
magnitudes  with  index  are  relative  variables  that  were  obtained  as  the  ratio  between  the 
value  of  current  variable  and  its  maximum  value. 


Fig  2.  The  variation  of  pressure  and  velocity  versus  time 

From  the  analysis  of  the  data,  one  of  them  are  presented  in  the  diagrams  from  Fig.2  and 
Fig. 3,  can  be  concluded  that  this  way  of  the  fundamental  problem  solving  of  interior 
ballistics  it  is  closer  of  firing  phenomenon  intimacy  with  guns  that  use  multiperforated 
powders  |5,6,71. 

It  is  necessary  to  remark  that  the  finish  of  the  powder  burning  takes  place  after  the 
projectile  leaves  the  barrel  of  gun. 
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Fig  3.  The  variation  of  pressure  and  velocity  versus  displacement 

The  magnitudes  with  index  from  graphics  are  obtained  as  a  ratio  between  current  values 
of  magnitudes  and  their  maximum  values. 

For  an  extant  gun,  the  experimental  and  theoretical  data  are  presented  in  Table  1. 

Table  1.  Experimental  and  theoretical  data 


Type  of  data 

Parameters 

Experimental  data 

Theoretical  data 

Maximum  pressure 
[MPal 

240 

256,6 

Muzzle  velocity 
[m/s] 

840 

847,1 

From  the  comparing  of  the  experimental  data  with  the  theoretical  values  obtained  in  the 
case  of  the  proposed  mathematical  model,  had  resulted  that  the  difference  between  the 
muzzle  velocities  values  is  approximate  0,5%  and  between  the  maximum  pressures  values  is 
approximate  6%. 

The  advantages  of  this  manner  of  the  fundamental  problem  solving  comparative  with  the 
manner  based  on  geometrical  law  of  the  powder  burning  consist  of  followings: 

-  it  is  utilized  whole  curve  of  the  pressure  P(  x )  that  is  obtained  at  the  combustion  of  the 
powder  in  close  bomb  and  that  takes  into  account  all  particularities  of  powder  burning; 

-  it  is  used  the  variable  values  for  index  v  from  the  burning  rate  law,  in  the  case  of  the 
powders  that  bum  with  the  breaking  of  the  grains,  which  allow  to  present  all  aspects  of  the 
powder  burning. 
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Abstract: 

High  performance  warheads  are  very  demanding  on  every  component  of  the  whole 
system. 

The  HE  “low  cost”  component  has  to  fulfil  performance  and  IM  criteria. 

Two  coating  methods,  slurry  and  paste  process,  promise  better  results  and  effectiveness 
for  new  moulding  powders. 

Keywords:  PBX,  slurry  process,  paste  process,  moulding  powder,  sensitivity 


1.  INTRODUCTION 

High  performance  warheads  with  IM  requirements  are  very  demanding  on  every 
component  of  the  whole  system. 

Desired,  but  contradictory,  properties  for  the  main  charge  of  a  warhead  can  be 

-  sensitive  enough  to  be  easily  initiated  by  the  ignition  train 

-  low  sensitivity  for  handling  and  IM 

-  high  energetic  for  performance. 

This  means  for  the  IHE  moulding  powders,  their  processing  on  presses  and  their 
properties: 

-  regular  agglomerates,  homogeneously  coated  with  binder 

-  no  batch  differences  in  bulk  density  and  flowing  behavior 


As  is  well  known,  the  coating  process  for  explosives  all  over  the  world  is  based  on  a 
water  slurry. 

A  water  free  paste  process  in  kneaders  is  not  used  so  often. 

In  the  last  years  we  had  the  possibility  to  test  the  suitability  of  similar  explosive 
moulding  powders  prepared  with  both  preparation  methods  for  the  warhead  production. 

What  are  the  differences  in  the  coating  process  and  how  do  they  affect  the  product  and 
the  safety? 
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2. 


COATING  PROCESS 


The  preparation  process  of  explosives  has  to  guarantee,  that 


-  the  HE  crystal  mixtures  are  homogenized, 

-  raw  material  agglomerates,  especially  fine  particles  sticking  on  larger 
ones,  are  destroyed, 

-  the  binder  is  coating  the  whole  surface  of  all  particles, 

-  additives  are  regularly  distributed. 


Relating  to  these  requirements,  the  results  achieved  by  kneading  and  suspension 
processes  are  different. 


2.1  Water  Slurry 


Fig  1.  Slurry  process;  HMX  based  moulding  powder 


In  a  stirring  vessel  with  water,  the  water  wet  crystals  are  suspended. 
High  concentrated  binder  solution  is  stirred  into  the  suspension. 

The  solvent  is  drawn  off  by  temperature  and/or  vacuum. 

The  granules  are  filtered  and  dried. 


326 


The  simple  and  safe  process  is  the  main  advantage  for  the  slurry  process: 

-  water  wet  explosive  from  the  crystallization  process  can  directly  be  used, 
supporting  to  destroy  raw  material  agglomerates, 

-  a  minimum  of  solvent  is  needed, 

-  because  of  the  slight  mixing  stress,  the  change  of  particle  size  and  shape 
during  the  stirring  in  the  water  suspension  is  negligible, 

-  size  and  bulk  density  of  the  granules  are  adjustable, 

-  upscaling  for  higher  quantities  is  easy  . 

To  dry  the  wet  agglomerates  in  a  separate  step  is  a  necessary  evil  of  the  slurry  process. 


2.2  Paste 


Fig  2.  Paste  process;  HMX  based  moulding  powder 


In  a  separate  step,  the  water  wet  explosive  crystals  are  dried. 

In  a  kneader  with  solved  binder,  the  dry  crystals  are  worked  into  the  binder  lacquer. 

The  high  viscous  mixture  is  homogenized  and  kneaded  until  the  final  coating  is 
achieved. 

Temperature  and  vacuum  are  set  to  draw  the  solvent  off. 

The  solvent  free  product  is  granulated  in  the  kneading  bowl. 

With  this  kind  of  coating  a  water  free  process  is  possible. 
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Some  of  the  disadvantages  of  the  paste  process  are: 

-  the  crystals  have  to  be  thoroughly  dried,  thereby  building  strong 
agglomerates  especially  with  fine  particles, 

-  a  surplus  of  solvent  needs  to  be  added  to  ensure  enough  liquid  for  a 
sufficient  coating  of  all  crystals, 

-  the  shear  stress  in  a  kneader  is  crushing  HE  crystals  and  causes  a 
debasement  of  the  coating, 

-  the  granules  have  on  the  one  hand  a  high  quantity  of  fine  material,  even 
single  crystals  are  present,  on  the  other  hand  much  coarse  lumpy  portions, 
what  makes  e.g.  the  bulk  density  varying, 

-  the  quality  of  the  product  is  very  sensitive  to  process  and  plant  changes. 
Every  change  in  the  filling  degree,  the  size  of  the  mixer  or  even  new 
mixing  blades  effect  the  shear  stress  and  influence  the  product.  This 
makes  upscaling  difficult. 


3.  EFFECTS 

3.1  Process  Safety 

The  slurry  process  is  a  safe  process  for  an  explosive  moulding  powder  preparation  and 
needs  no  remote  controlling. 

All  steps  with  uncoated  materials,  work  with  water:  water  wet  crystals  are  used  in  water 
suspension. 

Only  after  the  coating  is  finished,  the  compact  granules  are  dried. 

For  the  remote  controlled  paste  process,  the  handling  and  mixing  of  dry  explosive 
together  with  combustible  organic  solvents  at  variable  shear  stresses  is  very  exacting. 

The  more  solvent  is  drawn  off,  the  higher  becomes  the  viscosity  of  the  paste  and  the 
more  the  kneader  works  like  a  mill:  the  shear  stress  crushes  HE  crystals. 

Viscosity  and  stress  also  increase  with  higher  explosive  quantities,  when  e.g.  production 
batches  are  manufactured. 

Shear  stress  is  disadvantageous  for  the  coating  quality  in  a  double  sense: 

-  HE  crystals  more  easily  crush  at  the  end  of  the  process.  Then  the  mixture 
is  very  high  viscous  or  even  “dry”.  These  “new”  surfaces  will  show  a 
lower  coating  quality. 

-  binder  layers  on  the  crystals  are  rubbed  off  by  the  material  friction, 
causing  a  debasement  of  the  coating. 

The  more  complicated  method  (higher  probability  for  human  error),  additional  measures 
for  safety  (which  may  fail)  and  coating  imponderabilities  make  the  paste  process  expensive 
and  risky. 
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3.2 


Compacting  Moulding  Powders 


Fig  3.  Free  flowing  moulding  powder  from  a  slurry  process 


With  this  kind  of  explosives  densities  close  to  TMD  (theoretical  material  density)  are 
obtained  at  less  than  1  kbar  compacting  pressure. 

Samples  pressed  under  these  conditions,  obtain  initiation  pressures  in  the  WIWEB  water 
gap  test  higher  than  30  kbar. 

Moulding  powders  supporting  these  qualities  by  easy  compacting  processes  are  desirable 
in  the  warhead  production. 

The  compact  granules  from  the  slurry  process  are  free  of  dust,  free  flowing  without 
segregation  and  have  a  high  and  well  defined  bulk  density,  see  Figure  3. 

This  regular  and  void  free  granules  are  good  for  high  speed  fill  and  provide  excellent  HE 
charge  homogeneity. 

With  this  moulding  powder  the  ammunition  production  process  can  be  designed  safe  and 
effective. 

Paste  process: 

In  its  packaging  the  PBX  powder  is  caking  together  and  builds  conglomerates,  easy  to 
destroy,  but  unable  to  flow.  So  automatically  dosing  into  warhead  cases  is  not  possible. 

The  irregular  granules  are  segregating  in  coarse  and  fine  material  and  show  varying  bulk 
density,  causing  variable  filling  heights  in  the  pressing  mould. 

Granules  full  of  voids  and  caking  together  while  poured  into  the  mould  are  difficult  to  be 
evacuated.  It  needs  a  longer  time  and  a  better  vacuum  to  get  acceptable  charge  homogeneity. 

The  poor  quality  of  the  granules,  manufactured  in  a  paste  process,  makes  the  compacting 
process  complicated,  ineffective  and  expensive. 
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3.3 


IM  Behaviour 


In  small  scale  tests  the  IM  behavior  of  pressed  cylinders  made  of  slurry  and  paste 
prepared  moulding  powders  were  compared. 

The  granules  were  compacted  to  cylinders  of  50  mm  diameter  and  100mm  length  and 
assembled  into  the  same  steel  cylinders  as  used  for  the  WIWEB  IHE  tests: 

Steel  cylinder  with  an  inner  diameter  of  50  mm  and  a  length  of  100  mm,  closed  on  both 
ends  with  steel  covers.  The  wall  thickness  of  the  metal  case  and  covers  is  5  mm. 

A  cook-off  and  an  impact  test  were  chosen  to  see  possible  safety  influences  in  an  open 
fire  and  by  the  hard  impact  stress  of  a  shaped  charge  jet. 


4.  RESULTS 

For  the  cook-off  test,  the  closed  steel  tube  with  the  explosive  was  fixed  on  a  holding 
device  over  a  fuel  basin. 

Figure  4  shows  the  monitor  view  of  one  test  sample  in  the  fuel  fire: 


Fig  4.  Cook-off  test,  test  set  up 
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The  cook-off  tests  of  the  specimen  in  an  open  fire  showed  no  differences  in  the  reaction 
response:  both  RDX  based  explosive  fillings  had  type  5  reactions,  examples  see  Figure  5. 


VI:  PASTE  PROCESS 

|0£ 

l  \  ay. 

V2:  SLURRY  PROCESS 

90 

<© 

Fig  5.  Cook-off  test:  type  V  reactions 

A  stronger  influence  was  observed  in  the  shaped  charge  jet  impact  (SCJI)  tests: 

A  38,7  mm  bomblet  is  used  together  with  a  20  mm  mild  steel  barrier,  as  shown  in  figure 
6,  to  shoot  axial  into  the  filled  steel  cylinder. 


Fig  6.  Shaped  charge  jet  impact,  test  set  up 

The  impact  response  of  the  slurry  explosives  mostly  were  burning  reactions.  All  tests 
showed  reaction  types  between  IV  and  V. 

The  tests  with  the  paste  explosives  mostly  showed  partial  detonation.  All  reaction  levels 
were  between  II  and  III. 

Examples  of  parts  found  after  the  test  shows  Figure  7: 
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LEFT  SIDE: 

Paste  Process; 
Partial  Detonation, 


RIGHT  SIDE: 


Slurry  Process; 

Burning, 


RT  5 


Fig  7.  Shaped  charge  jet  impact,  results. 

(barrier,  explosive,  shell  fragments,  witness  plate) 


While  the  resistance  to  fire  for  both  explosive  types  is  “burning”,  the  response  of  a  paste 
explosive  to  a  shaped  charge  impact  is  two  classes  worse  than  the  response  of  a  slurry 
explosive. 

The  difference  in  coating  quality  is  looked  upon  being  the  reason  for  the  different 
sensitivity. 

While  the  slurry  process  builds  up  step  by  step  the  coating  and  agglomeration,  modeling 
compact  granules,  the  paste  process  destroys  the  coated  crystals  by  friction  and  the  needed 
vacuum  generates  voids  in  the  granules. 

Paste  mixtures  tend  to  produce  granules  that  have  void  areas  which  contribute  to 
sensitivity. 


5.  SUMMARY 


On  the  surface,  the  explosive  one-dish  meal  of  a  paste  process  seems  to  be  better  than 
other  methods. 

Looking  closer  on  details,  expenditure  and  disadvantages  of  kneading  processes  become 
more  and  more  clear,  influencing  safety,  properties  and  production  costs  in  a  not  acceptable 
way: 

Handling  dry  explosives  together  with  combustible,  organic  solvents  is  risky. 

The  lumpy  and  inhomogeneous  paste  explosive  is  not  suitable  for  high  precision 
warheads. 

All  desired  HE  properties  are  not  generated  by  the  process. 

Significantly  higher  product  costs  will  not  justify  a  worse  paste  explosive. 

At  the  end  of  the  day  the  kneading  process  shows  no  advantages  compared  with  a  slurry 
process. 

In  all  requirements  the  slurry  explosive  is  superior. 

It  is  worth  while  spending  time  and  attention  to  a  good  coating  quality  of  HE  crystals. 
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Abstract 

This  paper  presents  in  summary  the  work  of  a  Belgian-French-German  cooperation 
programme  on  the  chemical  and  ballistical  stability  of  a  ball  propellant  for  the  5.56  ■  45 
mm  ammunition.  The  programme  comprises  thermoanalytical,  analytical,  ballistical  and 
spectroscopical  techniques  applied  on  unaged  and  aged  samples  of  the  propellant  K 
5810. 

The  propellant  K  5810  is  chemically  stable.  This  fact  is  proven  by  microcalorimetry;  the 
maximum  heat  flow  does  not  reach  the  limit  values  of  STANAG  4582.  Also  the  stabilizer 
content  after  ageing  times  which  are  comparable  to  a  10  years  storage  at  25°C  is  much 
higher  than  the  limit  values  given  in  AOP-48,  Ed.  2.  The  ageing  mechanism  is  strongly 
dependen  t  on  the  loading  density  of  the  ampoules  and  the  atmosphere  above  the  sample 
which  underlines  the  big  effect  oxygen  has  on  the  ageing  of  nitrocellulose  based 
propellants. 

The  slight  energy  loss  during  the  ageing  periods  used  here  does  not  affect  the  ballistic 
behaviour  significantly.  In  contrast  to  the  9  mm  ammunition  tested  before  there  seems  to 
be  no  incompatibility  between  the  propellant  and  the  Sintox  primer  because  the 
propellant  K  5810  does  not  contain  isopropanol  in  contrast  to  the  K  6210  propellant  in 
the  9  mm  ammunition. 

The  ballistic  life  time  is  limited  by  the  migration  of  the  deterrent.  This  migration  leads  to 
an  increased  burning  rate  and  thus  to  an  increased  pressure  in  the  early  phase  of  the 
burning  reaction.  As  not  all  samples  are  available  at  the  moment  a  final  value  for  the 
activation  energy  of  the  migration  of  the  DBP  can  not  be  given.  First  estimations  lead  to 
a  value  slightly  above  the  activation  energy  of  the  nitrate  ester  decomposition. 

Keywords:  ballistic  stability,  migration,  double  base  propellants, 

activation  energy 


1.  INTRODUCTION 

Ball  powders  are  used  in  many  small  calibre  applications.  They  are  easy  to  prepare  and 
can  be  specially  designed  for  different  ammunition  types  by  modification  of  their  surface. 
This  surface  modification  usually  consists  of  an  impregnation  by  phthalates  which  are  only 
present  along  the  surface  up  to  a  certain  depth.  This  helps  to  maintain  a  nearly  constant 
pressure  generation  during  the  burning  reaction,  because  the  burning  rate  increases  with  time 
which  compensates  the  reducing  burning  surface  area. 
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The  disadvantage  of  this  special  design  is  the  possibility  of  the  migration  of  the 
deterrents  throughout  the  propellant.  In  this  case  the  burning  rate  increases  at  the  beginning 
of  the  burning  process  which  may  lead  to  higher  pressures  which  can  damage  the  weapon  or 
give  rise  to  malfunctions  of  the  ammunition.  Another  disadvantage  of  ball  propellants  is  the 
relative  incompatibility  between  the  stabilizer  diphenylamine  (DP A)  with  nitroglycerin  11 
which  can  lower  the  service  life  of  the  propellant. 

To  determine  the  effects  of  migration  and  decomposition  processes  in  ball  propellants  on 
the  service  life  we  have  started  a  trilateral  investigation  programme  between  Germany, 
Belgium  and  France  which  is  a  follow-up  of  the  studies  on  9  mm  ammunition  1  '.  The  aims 
of  this  study  are  the  determination  of  the  temperature  dependence  of  migration  and 
decomposition  processes.  In  a  second  step  we  correlate  the  migration  (made  visible  through 
IR  microscopy)  with  the  burning  behaviour  to  be  able  to  understand  the  effects  of  a 
decreasing  deterrent  concentration  at  the  surface  on  the  pressure  increase  in  the  weapon. 

This  study  also  gives  the  opportunity  to  benefit  from  special  analytical  methods  which 
are  available  in  only  one  or  two  of  the  participating  laboratories.  So  we  have  studied  the 
correlation  between  the  stabilizer  depletion  and  the  nitrogen  oxide  content  after  ageing  of  the 
propellant.  As  well  the  correlation  between  characteristic  microcalorimetric  signals  and  the 
stabilizer  content  has  been  worked  out.  Finally  we  studied  the  effect  of  two  different  primers 
used  for  the  5.56  mm  ammunition  in  two  different  countries.  From  the  previous  study  121  we 
know  that  the  incompatibility  between  a  propellant  ingredient  (solvent)  and  one  component 
of  the  primer  limitates  the  service  life  of  the  ammunition. 

2.  PROPELLANT  AND  AMMUNITION 

The  propellant  sample  which  is  used  for  the  investigations  is  the  double  base  ball 
propellant  K  5810,  lot  02MQ.  It  contains  around  10  %  of  nitroglycerin  and  it  is  stabilized 
with  diphenylamine  (DP A).  The  deterrent  applied  on  the  surface  is  dibutylphthalate  (DBP). 
The  average  concentration  of  this  material  is  4,5  %. 

Two  types  of  ammunition  are  tested.  Both  are  5.56-45  mm  cartridges,  one  produced  in 
Germany  containing  a  lead  free  primer  (,Sintox‘),  the  other  one  produced  in  the  UK  with  a 
lead  containing  primer. 

3.  EXPERIMENTS  /  WORK  PROGRAMME 

As  mentioned  in  the  introduction  many  different  areas  of  investigations  are  covered, 
namely  stability,  migration  studies,  ballistic  tests  and  chemical  analysis. 

Heat  flow  measurements  (HFC)  were  conducted  with  a  „Thermal  Activity  Monitor44 
TAM  2277  (Thermometries  AB,  Sverige).  The  measurements  were  performed  in  3  ml  glass 
ampoules.  Usually  the  ampoules  are  completely  filled  and  sealed.  For  the  determination  of 
the  influence  of  different  measuring  conditions  we  varied  the  standard  method  by 

filling  the  ampoule  from  only  5%  to  80%  (details  see  in  f6') 

replacing  the  air  in  the  ampoule  by  argon  (details  see  in  f6') 

The  stabilizer  content  was  analyzed  after  heat  flow  measurements.  Prior  to  HPLC 
analyses  around  120  mg  of  the  propellant  sample  were  dissolved  in  10  mL  of  acetonitrile, 
and  then  40  mL  methanol  are  added.  The  nitrocellulose  was  precipitated  by  adding  50  ml  of 
water.  The  solution  was  filtered  through  a  filter  syringe  and  directly  passed  into  the  HPLC 
autosampler  flasks.  The  stabilizers  were  detected  with  a  Gynkotek  HPLC  system  consisting 
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of  a  pump  M480S,  an  automatic  sampler  Gina  50,  a  column  oven  and  a  diode  array  detector 
UVD  320S.  The  detection  wavelength  was  225  nm.  The  column  (Lichrospher  100RP18  - 
5pm;  250-4  mm  with  a  pre-column  20-4  mm)  was  tempered  at  25°C.  A  methanol/  water 
mixture  (67/33)  was  used  as  mobile  phase  and  pumped  with  a  flow  rate  of  1.2  ml/min. 

The  stabilizer  depletion  products  N-NO-2-NCF-DPA,  N-NO-4-NCF-DPA,  N-NO-2,4‘- 
DNDPA  and  N-NO-4,4‘-DNDPA  were  synthetised  according  to  literature  methods  from  2- 
N02-DPA  (resp.  4-N02-DPA)  and  NaN02  ,3]  or  by  nitration  of  N-N0-2-N02-DPA,  N-NO-4- 
N02-DPA  with  HNO3  and  subsequent  chromatographic  separation  of  the  products.  Their 
chemical  structure  was  verified  by  FT-IR  and  NMR  spectroscopy. 

Chemiluminescence  experiments  were  performed  discontinuously  after  ageing  of  the 
propellant  sample.  Both  the  atmospheric  nitrogen  oxides  (those  which  are  in  the  gas  phase) 
as  well  as  those  which  are  liberated  by  a  stream  of  nitrogen  gas  out  of  the  propellant  grains 
within  one  day  are  detected.  The  detection  occurs  for  NO  alone  and  for  NO  +  N02  together. 
From  these  results  the  N02  concentration  is  calculated.  All  experiments  were  performed  at  a 
loading  density  of  about  0.6. 

Ballistic  experiments  were  performed  with  unaged  and  aged  ammunition  (both  German 
and  UK  ammunition).  The  chamber  pressure,  case  mouth  pressure,  port  pressure  and  the 
velocity  of  the  projectile  were  measured.  The  pressure  was  measured  with  a  transducer 
Kistler  6215. 

Migration  of  the  deterrent  was  made  visible  by  IR  microscopy.  To  do  this,  the 
propellant  grain  was  placed  into  an  adhesive  and  cut  by  a  microtome  into  small  slices 
(thickness  7  pm)  which  were  then  analysed  by  FT  IR  microscopy.  Two  IR  bands  (one 
typical  for  nitrocellulose,  the  second  typical  for  phthalates)  were  chosen  for  analysis.  Their 
relation  was  used  to  calculate  the  local  content  of  dibutyl  phthalate.  The  measuring  window 
had  an  aperture  of  10  pm  *  50  pm,  the  step  for  each  data  point  was  3  pm  so  neighbouring  IR 
spectra  overlap. 

The  ageing  plan  of  the  propellant  is  presented  in  table  1.  The  ageing  plan  of  the 
cartridges  is  presented  in  table  2.  Sample  abbreviation:  Throughout  this  document  K  stands 
for  propellant  alone,  D  for  German  and  E  for  UK  ammunition.  The  two  numbers  behind  the 
first  letter  describe  the  ageing  temperature  whereas  the  last  letter  describes  the  ageing  time 
(see  tables  1  and  2). 

Table  1.  Ageing  plan  of propellant  K  5810.  The  figures  refer  to  the  number 
of  ageing  days.  The  last  row  indicates  the  energy  release 
at  each  decomposition  stage  derived  from  HFC  experiments  at  80°  C 


T[°C] 

A 

B 

C 

D 

E 

F 

G 

H 

80 

1,20 

1,81 

2,41 

3,61 

5,41 

7,22 

9,02 

10,83 

70 

4,83 

7,25 

9,66 

14,50 

21,74 

29,00 

36,23 

43,48 

65 

- 

- 

- 

30,00 

- 

- 

- 

- 

60 

21,06 

31,61 

42,12 

63,22 

- 

126,4 

- 

189,6 

50 

100,7 

151,0 

201,4 

302,0 

- 

605 

- 

- 

40 

532 

798 

1064 

- 

- 

- 

- 

Q[J/g] 

2,79 

3,56 

4,28 

5,70 

8,08 

12,43 

22,75 

33,45 
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Table  2.  Ageing  plan  of  GE  and  UK  ammunition.  The  figures  refer  to  the  number 
of  ageing  days.  The  last  row  indicates  the  energy  release  at  each 
decomposition  stage  derived  from  HFC  experiments  of  the  propellant 
at  80°C 


T[°C] 

A 

B 

C 

D 

E 

F 

G 

H 

80 

1,20 

1,81 

2,41 

3,61 

5,41 

7,22 

9,02 

10,83 

70 

4,83 

7,25 

9,66 

14,50 

21,74 

29,00 

36,23 

43,48 

65 

10,00 

15,00 

20,00 

30,00 

45,00 

60,00 

75,00 

90,00 

60 

21,06 

31,61 

42,12 

63,22 

94,79 

126,4 

158,0 

189,6 

50 

100,7 

151,0 

201,4 

302,0 

453 

605 

755 

907 

40 

532 

798 

1064 

- 

- 

- 

- 

Q[J/g] 

2,79 

3,56 

4,28 

5,70 

8,08 

12,43 

22,75 

33,45 

The  temperature  dependence  was  derived  from  HFC  measurements  where  an  activation 
energy  of  around  140  kJ/mole  was  found  (see  section  4).  This  means  that  all  samples  in  one 
column  have  the  same  decomposition  degree.  Anyway,  slight  deviation  from  140  kJ/mole 
especially  at  low  a  makes  an  individual  calculation  of  Q  necessary.  All  evaluations  against 
the  released  energy  are  therefore  based  on  the  individual  energy  release  of  each  sample 
determined  by  HFC. 

4.  RESULTS 

4.1  HFC  measurements 

Figure  1  shows  HFC  curves  of  the  propellant  K  5810,  lot  02  MQ  in  comparison  with 
another  lot  of  this  propellant  type  and  with  K  6210.  The  curves  show  the  typical  behaviour 
of  DPA  stabilized  double  base  propellants.  The  shape  of  the  curve  and  the  chemical 
reactions  are  described  in  '4|.  Table  3  summarizes  the  main  features  of  the  curves. 

Table  3.  Summary  of  HFC  results  of  the  samples  from  Fig  1  at  89°  C 


Sample 

K5810,  lot  02MQ 

K5810,  lot  403 

K  6210,  lot  225 

Is'  minimum  (t,  P) 

0,68  d  47,0  pW/g 

0,76  d  56,2  p  W/g 

0,52  d  67,1  pW/g 

2nd  maximum  (t,  P) 

2,64  d  231  juW/g 

2,13  d  226  p  W/g 

1,29  d  266  p  W/g 

highest  value  within 
3,83  days  [5] 

231  pW/g 

226  pW/g 

266  p  W/g 

heat  generation 
within  3,83  days 

43,7  J/g 

47,1  J/g 

68,4  J/g 

In  comparison  with  K  6210,  which  has  a  higher  nitroglycerin  content  (19  %),  K  5810 
shows  a  longer  first  minimum,  which  is  equivalent  to  a  longer  time  until  DPA  is  consumed. 
Within  the  ,STANAG  4582  time‘  (=  3,83  days  at  89°C)  K  5810  has  a  lower  energy  release 
than  K  6210.  All  three  propellants  pass  the  stability  criterion  of  this  STANAG  fS|. 
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P,  pW/g 


T 


8  9  °C 


Fig  1.  HFC  curves  of  K  5810  (two  different  lots)  and  of  K  6210. 

Completely  filled  and  sealed  ampoules;  atmosphere  =  air 

HFC  measurements  were  also  performed  at  80°C,  70°C  and  60°C.  A  double-logarithmic 
plot  shows  that  all  important  reactions  appear  at  all  temperatures  (see  Fig  2).  Of  course  the 
time  to  reach  the  2nd  maximum  is  much  longer  at  lower  temperatures. 


t  [days] 


Fig  2.  HFC  curves  of  K  5810,  lot  02MQ  at  temperatures  between  89°C  and  60°C. 
Iso-a  lines  connect  the  stages  of  comparable  reaction  degrees  at  different 
temperatures  with  one  another. 
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HFC  experiments  were  also  performed  with  complete  cartridges  in  a  20  ml  ampoule.  To 
improve  the  heat  conduction  from  the  cartridge  to  the  ampoule  wall  the  ampoule  was  filled 
with  small  glass  balls.  The  results  are  shown  in  figure  3,  the  compatibility  evaluation  is 
presented  in  figure  12. 

P,  pW/g  T  =  8  9  °C 


Fig  3.  HFC  curves  of  ammunition  (UK  and  GE  production)  at  89°C  in 

comparison  with  the  propellant  and  with  the  empty  case  alone.  Values  for 
the  ammunition  and  the  propellant  are  given  in  pW/g  propellant. 


4.2  Stabilizer  depletion 

Stabilizer  analysis  was  performed  after  HFC  measurements.  All  the  ageing  took  place  in 
hermetically  sealed  ampoules.  The  stabilizer  depletion  was  sampled  as  a  function  of  time  (at 
a  constant  loading  density)  as  well  as  a  function  of  loading  density  (with  constant  ageing 
times).  Please  find  detailed  results  in  f6'. 

Stabilizer  depletion  analyses  were  also  performed  in  parallel  to  the  chemiluminescence 
experiments  (see  fig.  13). 


4.3  Chemiluminescence 

Chemiluminescence  experiments  were  performed  at  80°C  and  at  70°C.  Both  series 
exhibit  a  low  level  of  NOx  concentration.  After  4  days  at  80°C  (respectively  18  days  at  70°C) 
the  value  increases  rapidly.  Figure  4  shows  the  results  of  one  of  the  experimental  series. 
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Fig  4.  NOx  development  of  K  5810  at  80°C  as  a  function  of  time. 


4.4  Ballistic  studies 


The  ballistic  experiments  were  performed  with  aged  cartridges.  The  characteristic  values 
(case  mouth  pressure  (Pm),  port  pressure  (P2)  and  velocity  of  the  bullet  (v))  are  determined 
as  a  function  of  ageing.  Figures  5-8  show  typical  examples. 


0 


-30 

-60 

-90 

-120 

-150 


Fig  5.  Pressure  increase  (case  mouth  (dPm))  and  decrease  (port  (dP2)) 
of  aged  sample  (UK  ammunition;  ageing  temperature  =  70°C) 
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dP2  (bar) 


Fig  6.  Case  mouth  pressure  of  UK  ammunition  aged  at  different  temperatures  as  a 
function  of  ageing  time.  The  values  are  not  corrected  for  the  day  of  firing 


T=60°C  — ♦—  T=65°C  — A—  T=70°C  — X—  T=80°C 


Fig  7.  Case  mouth  pressure  of  UK  ammunition  aged  at  different  temperatures  as  a 
function  of  released  energy.  The  values  are  not  corrected  for  the  day  of  firing. 


All  ballistic  experiments  were  accompanied  with  closed  vessel  tests.  Unaged  and  aged 
propellant  was  fired  and  the  pressure/time  curve  recorded.  Like  in  the  ballistical  experiments 
described  above  a  change  in  burning  behaviour  was  observed  (higher  burning  rate  than  the 
unaged  propellant  in  the  beginning,  slower  burning  rate  in  the  later  part  of  the  experiment). 
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Fig  8.  Changes  in  Pmax  (dPm)  and  velocity  (dv)  after  ageing  (UK  ammunition, 
ageing  temperature  =  80°C) 

4.5  Deterrent  migration 

After  ageing  the  propellant  grains  were  cut  into  thin  slices  and  analysed  by  FT  IR 
microscopy.  Because  the  concentration  profile  is  dependent  on  the  cutting  angle  multiple 
analyses  of  each  ageing  state  were  performed  to  overcome  this  uncertainty.  The  raw  results 
were  then  mathematically  fitted  to  form  an  exponential  (Gaussian)  curve.  Fig  9  shows  the 
raw  signals  and  the  fitted  curve  for  sample  K80B,  Fig  10  shows  the  fitted  curves  of  all 
samples  of  the  K80  series. 
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Fig  9.  DBP  profile  in  sample  K80B 
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|jm 

Fig  10.  DBP  profiles  (fits)  in  aged  propellant  (80°C  series,  02MQ  =  unaged 
sample) 

5.  DISCUSSION 

5.1  HFC  of  propellant  and  ammunition 

Both  K  5810  and  K  6210  have  the  typical  shape  of  DPA  stabilized  propellants  with  a 
first  maximum  (this  is  the  oxidation  peak  of  the  nitrocellulose),  a  broad  first  minimum  and  a 
sharp  increase  up  to  a  second  maximum.  This  is  the  point  where  the  DPA  is  completely 
consumed.  After  the  second  maximum  both  propellants  show  a  slight  decrease  of  the  HFC 
curve.  The  endothermic  peaks  at  the  end  of  the  measurements  are  due  to  gas  evolution  from 
the  ampoule  because  the  decomposition  gases  build  up  a  pressure  which  the  PTFE  cap  of  the 
ampoules  can  stand  only  up  to  about  8  bar.  The  activation  energy  of  the  decomposition  were 
calculated  using  a  model-free  iso-a-evaluation  (as  it  was  done  in  I4').  Its  value  lies  at  around 
110-120  kJ/mole  in  the  first  minimum  (as  long  as  DPA  is  present).  DPA  depletion  kinetics 
also  show  activation  energies  of  110-120  kJ/mole.  After  DPA  is  gone  the  activation  energy 
increases  into  the  range  between  138  and  140  kJ/mole.  So  this  value  is  very  much 
comparable  to  the  values  found  in  other  propellants. 

The  HFC  signal  of  the  two  tested  cartridges  exhibit  a  comparable  pattern  (see  Fig  3).  But 
-  if  the  HFC  value  is  expressed  in  pW/g  propellant  -  the  level  of  heat  flow  is  higher  and  the 
time  to  reach  the  second  maximum  is  significantly  shorter.  The  HFC  curve  of  the  empty 
cartridge  (without  propellant)  shows  a  signal  of  20  pW/g  during  the  first  two  days.  This  heat 
is  caused  by  oxidation  reactions  of  the  metal  case  and  the  lacquer.  Also  a  small  part  of  the 
heat  may  come  from  decomposition  reactions  of  the  primer. 

The  compatibility  of  the  case  with  the  propellant  was  evaluated  (see  fig.  12).  A  slight 
incompatibility  was  detected  (Qr  =  3,1  J/g)  which  is  not  relevant  concerning  the  limit  values 
(30J/gn). 
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Fig  11.  Activation  energy  of  propellant  K  5810  as  a  function  of  the  decomposition 
degree  (a).  Ea  (t)  refers  to  the  time  when  an  iso-a-point  is  reached,  Ea  (P) 
refers  to  the  ratio  of  heat  generation  rates  at  the  iso-a-points. 


5.2  Stabilizer  analyses 

In  completely  filled  and  sealed  ampoules  the  main  decomposition  product  is  N-NO- 
DPA,  which  is  slowly  nitrated  into  the  N-NO-4-NDPA  and  N-NO-2-NDPA.  When  the 
storage  time  is  longer  than  5  days  at  89°C  (equivalent  to  70  J/g)  then  dinitro-DPA 
derivatives  appear.  The  major  species  of  this  kind  is  2,4‘-DNDPA.  This  distribution  of 


343 


stabilizer  products  is  typical  for  , closed  and  filled4  conditions.  From  the  data  obtained  at 
different  temperatures  an  average  activation  energy  of  137  kJ/mole  was  calculated. 


5.3  Chemiluminescence 


The  increase  of  nitrogen  oxides  after  4  days  at  80°C  (resp.  18  days  at  70°C)  is  directly 
connected  with  the  stabilizer  content  of  the  sample.  As  long  as  DPA  is  present,  it  readily 
reacts  with  NOx  to  form  N-NO-DPA.  After  DPA  has  been  completely  converted  into  N-NO- 
DPA  the  amount  of  NOx  increases  rapidly,  because  N-NO-DPA  only  slowly  reacts  with 
nitrogen  oxides  to  form  N-NO-2-(or  4-)N02-DPA.  How  chemiluminescence  and  stabilizer 
depletion  this  correlate  is  presented  in  figure  13. 
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Fig  13. Correlation  of  NOx  concentration  and  stabilizer  depletion  (T  =  70°C). 

5.4  Ballistic  results 

Two  principal  changes  of  the  burning  behaviour  of  aged  ammunition  should  appear.  The 
first  is  a  slow  reduction  of  burning  rate  due  to  the  energy  release  during  the  storage.  This 
effect  is  usually  small,  but  clearly  visible  (see  f2')  when  there  is  no  migration  of  ingredients 
possible.  A  second  effect  comes  from  the  migration  of  DBP.  If  its  concentration  is 
decreasing  in  the  outer  parts  of  the  propellant  grain  the  burning  rate  increases  rapidly.  This 
effect  is  much  bigger  in  magnitude  than  the  slight  reduction  due  to  energy  loss. 

The  results  of  the  ballistic  experiments  show  a  rapid  pressure  increase  at  the  first  part  of 
the  burning  reaction  whereas  in  the  later  parts  the  pressure  decreases.  This  pressure  increase 
in  the  first  parts  can  be  easily  explained  by  the  migration  of  the  phthalate.  This  increases  the 
burning  rate  of  the  propellant.  This  pressure  increase  is  visible  at  all  tested  temperatures  (80, 
70,  65  and  60°C;  50°C  and  40°C  will  be  available  in  future).  The  specification  of  this 
weapon  defines  that  Pmean  must  be  less  than  4050  bar  Pmean  +  3 -a  must  not  exceed  the  value 
of  4450  bar.  The  velocity  of  the  projectile  must  not  decrease  by  more  than  30  m/s  within  the 
same  time  frame. 

The  results  show  that  the  velocity  of  the  projectile  is  not  affected  markedly  by  the  ageing 
of  the  cartridge.  Therefore  for  this  property  the  limit  value  is  not  reached  at  any  temperature. 

The  last  specification  (dP<  450  bar  after  30  days  at  65 °C)  is  fulfilled,  as  depicted  in  table 
4  (entry  D  at  65°C).  All  values  of  these  series  are  presented  in  table  4. 
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Table  4.  Increase  in  case  mouth  pressure  (UK  ammunition)  after  ageing  at 

different  temperatures.  All  values  in  bar.  See  table  2  for  ageing  times. 


Ageing  stage 

T  =  60°C 

T  =  65°C 

T  =  70°C 

T  =  80°  C 

A 

13 

179 

154 

45 

B 

12 

234 

266 

185 

C 

89 

338 

348 

224 

D 

106 

242 

419 

312 

E 

162 

533 

631 

487 

F 

294 

606 

742 

603 

G 

461 

778 

893 

609 

H 

730 

1058 

946 

768 

5.5  Plasticizer  migration 

The  plasticizer  migration  was  observed  at  different  temperatures.  As  it  is  very  complex 
to  describe  the  DBP  distribution  throughout  the  whole  grain  we  decided  to  correlate  the  DBP 
content  on  the  surface  (fitted  values  were  taken;  see  chapter  4.5)  as  a  measure  for  the 
migration  progress. 


Fig  14.  Correlation  of  energy  release  and  DBP  surface  concentration  (all  ageing 
temperatures) 

As  a  decreasing  DBP  content  on  the  surface  increases  the  burning  rate  and  makes  the 
inflammation  easier  it  was  interesting  to  see  whether  there  was  a  correlation  between  the 
DBP  content  on  the  surface  and  the  ignition  time  or  the  burning  rate  respectively.  Fig.  15 
clearly  shows  such  a  correlation.  This  correlation  is  true  for  all  ageing  temperatures.  A  more 
detailed  description  of  the  migration  phenomena  will  be  given  in  181 . 
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Fig  15.  Correlation  of  DBP  surface  concentration  and  ignition  time  and  burning  rate 

The  temperature  dependence  of  the  migration  process  is  very  expressed.  This  results  in 
an  activation  energy  of  the  diffusion  rate  constants  which  is  higher  than  the  decomposition 
kinetics  of  this  propellant  (see  chapters  5.1  and  5.2)  and  also  higher  than  described  in 
literature  (125  kJ/mole  in  f9').  A  final  value  will  be  given  when  all  samples  are  measured. 

6.  CONCLUSION 

The  propellant  K  5810  is  chemically  stable.  This  fact  is  proven  by  microcalorimetry;  the 
maximum  heat  flow  does  not  reach  the  limit  values  of  STANAG  4582.  Also  the  stabilizer 
content  after  ageing  times  which  are  comparable  to  a  10  years  storage  at  25°C  is  much 
higher  than  the  limit  values  given  in  AOP-48,  Ed.  2. 

The  slight  energy  loss  during  the  ageing  periods  used  here  does  not  affect  the  ballistic 
behaviour  significantly.  In  contrast  to  the  9  mm  ammunition  tested  before  (see[2])  there 
seems  to  be  no  incompatibility  between  the  propellant  and  the  Sintox  primer  because  the 
propellant  K  5810  does  in  contrast  to  the  K  6210  propellant  in  the  9  mm  ammunition  not 
contain  isopropanol. 

The  ballistic  life  time  is  limited  by  the  migration  of  the  deterrent.  This  migration  leads  to 
an  increased  burning  rate  and  thus  to  an  increased  pressure  in  the  early  phase  of  the  burning 
reaction.  The  increase  is  more  expressed  at  higher  (80°C)  than  at  lower  temperatures  (60°C). 
This  assumption  is  supported  by  the  results  of  the  FT  IR  microscopy  evaluation.  As  not  all 
samples  are  available  at  the  moment  a  final  value  for  the  activation  energy  of  the  migration 
of  the  DBP  can  not  be  given.  First  estimations  lead  to  a  value  slightly  above  the  activation 
energy  of  the  nitrate  ester  decomposition. 
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Abstract: 

A  detailed  understanding  of  the  deformation  and  fracture  mechanisms  of  energetic 
materials  is  vital  to  ensure  optimum  performance  and  safety.  A  series  of  deformation 
and  fracture  experiments  with  optically  derived  results  are  being  developed  on  a  sugar 
based  energetic  simulant  with  the  ultimate  aim  of  transferring  the  proven  experiments  to 
energetic  materials.  The  physical  insight  and  quantitative  data  these  experiments  yield 
are  crucial  in  developing  accurate  and  predictive  models  of  the  response  of  energetic 
materials  to  mechanical  stimuli.  This  paper  outlines  the  results  taken  to  date  and  future 
research 

Keywords:  PBXs,  fracture  toughness,  deformation,  crack  growth,  DICC 


1.  INTRODUCTION 

For  optimum  performance  and  safety,  the  explosive  compositions  in  modem  munitions 
must  possess  stmctural  integrity;  deformation  and  fracture  can  perturb  shaped  charge 
detonations,  fracture  can  sensitise  and  lead  to  subsequent  inadvertent  initiation.  It  is 
therefore  of  crucial  importance  to  obtain  a  detailed  understanding  of  the  deformation  and 
fracture  mechanisms  of  energetic  materials. 

The  types  of  explosives  under  consideration  are  dual  phase  composites  consisting  of  an 
explosive  crystalline  filler  material  bound  in  a  polymeric  matrix  and  are  referred  to  as 
Polymer  Bonded  Explosives  (PBXs).  The  filler  loading  in  a  typical  PBX  composition  of 
interest  is  of  the  order  of  95  %  by  weight.  The  explosive  filler  has  a  bimodal  particle  size 
distribution  with  a  maximum  particle  size  of  the  order  of  several  hundred  of  microns.  Safety 
considerations  dictate  that  experiments  on  the  sample  sizes  required  are  not  practical  in  a 
general-purpose  laboratory.  To  this  end  an  inert  simulant  has  been  developed,  with  similar 
mechanical  properties  to  an  in-service  energetic  composition,  whereby  sugar  grains  are 
substituted  for  the  explosive. 

Of  interest  to  the  fracture  experimentalist  are  such  parameters  as  the  fracture  toughness, 
energy  release  rate  and  crack  speed.  The  fracture  toughness  of  a  material  is  a  measure  of  its 
resistance  to  fracture.  The  energy  release  rate  is  a  related  quantity  that  describes  the  amount 
of  energy  released  from  the  strain  field  as  a  crack  propagates.  Both  these  quantities  are  only 
truly  valid  within  the  Linear  Elastic  Fracture  Mechanics  (LEFM)  framework,  but  frequently 
some  degree  of  flexibility  is  permitted.  Previous  work  has  shown  that  these  quantities  are 
both  rate  and  temperature  dependent  ,  this  is  in  keeping  with  other  mechanical  properties 
such  as  compressive  yield  strength  f2'31.  The  crack  speed  is  also  an  important  parameter  when 
validating  computational  models  of  PBX  fracture  behaviour. 
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In  this  paper  experiments  have  been  performed  to  ascertain  the  value  of  the  mode  I 
critical  stress  intensity  factor  for  a  given  rate  and  temperature  using  a  Compact  Tension  (CT) 
geometry  following  ESIS  recommendations.  Crack  speed  measurements  have  been  made  by 
virtue  of  having  the  crack  break  elements  of  an  electrical  circuit  as  it  propagated  giving  a 
voltage-time  history  from  which  the  speeds  my  be  deduced.  In-plane  surface  displacements 
have  been  measured  using  the  Digital  Image  Cross-Correlation  (DICC)  algorithm  developed 
by  Sjodahl  f4'.  DICC  allows  displacements  to  be  measured  by  comparing  segments  of  pre 
and  post-deformation  images  in  Fourier  space  and  locating  the  position  of  maximum 
correlation.  Through  repetition  of  this  process  using  sub-images  from  across  the  sample, 
whole-field  displacement  maps  can  be  generated  from  which  the  strain  fields  can  be 
calculated. 

2.  THEORETICAL 

Linear  elastic  fracture  mechanics  is  built  on  the  foundations  of  elasticity  theory;  that  is  to 
say  that  if  body  is  stressed  then  the  accompanying  strain  is  uniquely  associated  with  that 
value  of  stress;  there  is  no  degeneracy.  Furthermore  the  strain  varies  linearly  with  stress  and 
the  two  are  related  through  the  appropriate  modulus.  When  fracture  occurs  all  energy 
dissipation  is  associated  with  the  fracture  process. 

Of  the  three  modes  of  fracture,  opening  (I),  in-plane  shear  (II)  and  out-of-plane  shear 
(III),  mode  I  is  found  in  general  to  occur  most  readily,  it  is  therefore  the  mode  of  interest  in 
this  paper.  The  subscript  I  is  used  when  discussing  the  stress  intensity  factor  and  the  energy 
release  rate  for  samples  tested  under  this  condition. 

There  are  two  main  approaches  within  LEFM  towards  fracture,  which  can  be  shown  to 
be  equivalent;  one  with  an  emphasis  upon  stress  and  the  other  upon  energy  considerations. 

In  the  stress  based  approach  fracture  occurs  when  the  stress  at  the  crack  tip  rises  to  a 
sufficient  level  to  break  the  bonds  holding  the  material  together.  The  expression  given  by 
Irwin  151  describes  the  situation 


K 


°ij  = 
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where  ay  are  the  components  of  the  stress  tensor  at  a  point,  K  is  the  stress  intensity  factor, 
and  r  and  6  are  the  polar  coordinates  of  that  point.  The  stress  intensity  factor  relates  the 
magnitude  of  the  stress  in  the  vicinity  of  a  crack  to  sample  geometry  and  the  applied  loads. 
When  the  stresses  are  raised  to  a  point  of  incipient  failure  then  K  =  Kc,  the  critical  stress 
intensity  factor.  Kc  is  geometry  independent  and  as  such  a  measurable  material  fracture 
toughness  parameter.  Tables  of  values  for  K  are  readily  available  for  the  most  commonly 
used  sample  configurations. 

The  energy  based  approach  developed  initially  by  Griffith  f6'  states  that  fracture  occurs 
only  when  there  is  sufficient  energy  available  to  overcome  the  resistance  of  the  material. 
This  resistance  may  include  surface  energy,  plastic  work  or  any  other  energy  dissipative 
process.  The  energy  release  rate  G  is  defined  as  energy  U  released  from  the  strain  field  per 
unit  area  of  crack  surface  A;  rate  in  this  sense  of  does  not  relate  to  a  time  derivative 


G  = 


dU 
~dA  ’ 


(2) 


G  like  K  is  dependent  upon  sample  geometry  and  the  applied  loads  but  at  the  point  of 
incipient  failure  there  is  enough  stored  energy  to  overcome  the  resistance  to  crack 
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propagation  and  G=  Gc  the  critical  energy  release  rate.  Gc  is  also  geometry  independent  and 
as  such  a  measurable  material  fracture  toughness  parameter. 

At  the  crack  tip  there  will  inevitably  exist  a  region,  commonly  referred  to  as  the  process 
zone,  in  which  such  non-linear  phenomena  as  plasticity  and  void  nucleation  and  growth 
occur.  This  is  true  for  even  the  most  brittle  materials.  What  is  of  importance  is  the  size  of 
this  process  zone  relative  to  the  dimensions  of  the  sample.  When  it  is  sufficiently  small, 
LEFM  can  still  adequately  describe  the  experiment.  One  way  of  estimating  the  size  of  the 
process  zone  is  to  assume  that  plasticity  occurs  when  some  yield  criterion  has  been  met. 
Assuming  that  yielding  occurs  when  oyy  =  gys,  where  gys  is  the  uniaxial  tensile  yield  strength, 
then  by  substitution  in  to  (1)  obtain 


y  2  K 
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where  ry  is  the  process  zone  radius.  In  practice,  when  testing  for  K/c,  the  pre-multiplier  is 
increased  from  1/2 n  to  2.5  by  way  of  a  safety  factor. 

As  the  lowest  values  of  yield  stress  occur  under  the  conditions  of  plain-strain,  it  is 
under  these  conditions  that  the  least  amount  of  dissipative  plastic  deformation  occurs, 
resulting  in  the  lowest  values  of  K/c  and  Gjc. 


3.  EXPERIMENTAL 

Following  ESIS  recommendations  ,7,?  themselves  based  upon  an  ASTM  standard  181 
samples  were  produced  within  machining  tolerance  to  the  dimensions  shown  in  Fig.  1. 


70  B  -  16 


Fig  1.  Compact  tension  geometry  with 
dimentions  given  in  millimeters 


The  notch  was  machined  with  a  modified  6"  x  3/16"  cutting  wheel  that  had  been  ground 
down  to  terminate  in  a  60°  ‘V’.  The  notches  were  further  sharpened  with  fresh  razor  blades. 
Due  to  the  limited  availability  of  the  sugar  based  PBX  simulant  only  two  samples  could  be 
made. 

A  blank  sample  without  a  notch  was  also  produced  which  was  used  as  a  calibration 
sample;  this  gave  data  relating  to  the  total  system  compliance  due  to  loading  pin  penetration 
and  the  non-infinite  stiffness  of  the  testing  machine. 

Single  piece  brass  clevises,  shown  in  Fig.  2,  were  machined  in  the  to  a  design  that 
allowed  direct  attachment  to  the  testing  machine  and  satisfied  the  requirements  of  ASTM 
E399.  Silver-steel  loading  pins  are  bearing  mounted  to  allow  free  rotation  of  the  samples 
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during  loading;  the  bearings  are  each  rated  for  a  static  load  of  900N  and  acting  in  tandem  the 
rig  can  therefore  be  safely  used  for  loads  of  up  to  1800N. 


Photograph  of  clevises  for  use  with 
the  Instron  testing  machine  in  loading 
the  compact  tension  specimens. 


The  lower  clevis  (left)  bolts  directly  to  the  testing  machine  frame  whilst  the  upper  clevis 
(right)  attaches  to  the  load  cell  via  a  pin  located  through  the  upper  shaft.  Loading  pin 
parallelism  is  ensured  by  the  locating  slots  at  the  bottom  of  the  lower  clevis,  and  the 
orientation  of  the  coupling  pin  on  the  upper  clevis. 

The  samples  were  loaded  by  virtue  of  a  displacement  controlled  Instron  testing  machine. 
It  is  capable  of  delivering  up  to  2  KN  of  force  at  a  range  of  speeds,  although  for  this  series  of 
experiments  a  speed  of  1  mm/min  was  used  throughout.  Displacements  and  loads  were 
logged  on  a  personal  computer. 

An  electrical  circuit  was  designed  incorporating  a  chain  of  ten  low-resistance  metallic 
strips,  which  the  crack  breaks  as  it  propagates,  in  parallel  with  67  D  resistors.  As  each 
metallic  strip  is  broken  the  total  resistance  of  the  circuit  rises,  and  the  current  flowing 
through  it  was  monitored  by  virtue  of  an  oscilloscope  that  was  connected  across  a  1  KD 
resistor.  Figure  3  shows  a  schematic  of  the  circuit  used,  each  strip  has  a  resistance  of 
approximately  6  Q  and  during  the  experiment  the  output  voltage  rose  from  0.5  to  3.8  volts. 


metallic  strip  metallic  strip 


Fig  3.  Circuit  diagram  for  measuring  crack 
speed.  A  series  chain  is  formed  from 
ten  metallic  strips  in  parallel  with  67 
D  resistors. 


The  metallic  strips  were  formed  by  spraying  silver-dag  through  a  mask  using  an  artist’s 
airbrush.  The  mask  was  formed  such  that  the  silver  strips  were  of  width  0.7  mm,  30  mm  long 
and  of  pitch  4  mm.  The  thickness  was  measured  on  an  optical  microscope  to  be  of  the  order 
of  1 8  pm,  and  as  such  would  not  reinforce  the  sample  in  anyway.  Previous  experiments  f9' 
have  shown  that  the  rise  time  of  the  voltage  signal  is  less  than  the  time  it  takes  the  crack  to 
cross  the  strip’s  width  as  most  of  the  resistance  change  does  not  occur  until  the  rupture  of  the 
last  segment.  The  rupture  of  the  first  silver  strip  triggered  the  oscilloscope;  it  was  set  to 
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capture  10  %  pre -trigger  so  as  to  record  that  event.  Figure  4  shows  a  photograph  of  a 
prepared  sample. 


Fig  4.  CT  specimen  with  silver  strips  deposited 
on  to  the  surface  ahead  of  the  crack 
propogation  path. 


Wires  were  attached  to  each  end  of  the  silver  strips  by  ‘gluing’  in  place  using  a  small 
drop  of  silver-dag. 


With  the  samples  held  in  the  clevises  the  Instron  testing  machine  was  load-balanced  and 
the  gage-length  zeroed.  A  manually  triggered  digital  camera,  CCD  array  1300  x  1030 
pixels,  imaged  the  event.  The  tensile  loading  rate  was  set  at  1  mm/min  and  the  samples  were 
loaded  until  failure.  The  calibration  sample  was  tested  in  the  same  manner. 


4.  RESULTS  AND  DISSCUSION 

The  experiments  were  performed  on  the  notched  samples  and  the  load-displacement 
curves  obtained.  Figure  5  shows  the  results. 


Fig  5.  Load-extension  curves 
for  the  two  notched 
samples  CT1  and  CT2. 

0  0.1  0.2  0.3  0.4  0.5 

Extension  /mm 

The  peak  loads  and  extensions  were  Pmaxcti  =  203.5  N  at  0.273  mm  and  Pmaxcti  = 
188.3  N  at  0.299  mm.  In  an  ideal  case  the  load  would  increase  linearly  from  zero  and 
abruptly  fall  to  zero  at  failure,  in  practice  this  is  very  rarely  the  case  and  there  is  inevitably 
some  degree  of  non-linearity.  This  being  the  case,  the  initiation  load  is  calculated  in  the 
following  way;  a  line  of  best  fit  is  fitted  to  the  data  to  find  the  initial  compliance  C,  this  is 
then  increased  by  a  factor  of  5  %.  Where  the  line  C+5  %  intercepts  the  curve,  the  load  Ps%, 
is  taken  to  be  the  load  at  crack  initiation.  For  the  data  shown  in  Fig.  5  these  values  are  given 
in  Table  1. 
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Table  1.  Deducing  the  initiation  load  Ps% 


C/mN'1 

(C  +  5  %)  /m  N’1 

P 5%  /N 

CT1 

0.982 

1.031 

184.5 

CT2 

1.275 

1.342 

178.0 

At  this  stage,  the  procedure  is  to  check  that  the  results  lie  within  LEFM,  some  flexibility 
is  allowed;  up  to  10  %  non-linearity  is  permitted  i.e.  the  data  must  satisfy 


Pmax  /  i  i 

Ps% 


(4) 


for  the  data  above  this  ratio  is  1.10  and  1.06  for  CT1  and  CT2  respectively.  Clearly  these 
experiments  are  only  just  within  the  boundaries  of  LEFM. 

The  next  stage  is  to  calculate  the  experimental  values  of  the  stress  intensity  factor  Kq 
using  the  following  relationship: 


K0=f- 


5% 


BW 


1/2 


(5) 


where  /  is  the  dimensionless  constant  4.92  derived  from  the  numerical  solution  of  Ki  for  this 
particular  geometry  of  CT  sample  f?1,  B  and  W  are  sample  dimensions  indicated  in  Fig.  1. 
Using  equation  (5)  to  calculate  Kq  gives  0.23  MPa  m12  and  0.24  MPa  m12  for  CT1  and  CT2 
respectively. 

The  last  stage  is  to  check  the  size  criterion  given  in  equation  (3).  We  require  that 


B,a,(W  -  a)  ) 


2.5 


Kr 


\  aYS  J 


(6) 


If  this  condition  is  met  then  Kq  =  Kic  the  plain  strain  value.  The  ISIS  procedure 
recommends  that  oys  be  taken  either  from  the  uniaxial  tensile  fracture  stress  (2  MPa)  or  else 
0.7  times  the  uniaxial  compressive  yield  stress  (5  MPa).  These  values  come  from 
experiments  carried  out  at  this  laboratory.  Using  the  first  value  reveals  that  the  smallest 
dimension  ought  not  to  be  less  than  ~35  mm,  using  the  second  value  not  less  than  ~6  mm. 
The  smallest  dimension  of  the  CT  sample  is  the  crack  length,  a  =14  mm.  Clearly  the 
condition  is  not  met  if  the  first  estimate  of  ays  is  satisfied  by  the  second.  The  differences 
arise  because  of  the  composite  nature  of  the  material;  under  compression  the  load  is  borne  by 
the  crystalline  filler  particles,  in  tension  by  the  polymeric  filler.  Ideally  this  condition  would 
be  met  using  both  estimates  for  ays •  Since  the  failure  is  tensile,  the  most  appropriate 
estimate  is  the  first  in  which  case  the  condition  described  in  equation  (6)  was  not  met.  This 
means  samples  were  not  in  a  state  of  plane-strain  and  consequently  that  measured  Kq  is  not 
equal  to  Kic,  rather  it  will  be  an  over-estimate.  Nevertheless  the  measured  value  is  still 
useful  as  it  serves  as  an  upper  bound  to  the  true  critical  stress  intensity  factor  and  can  still  be 
used  to  validate  fracture  models  for  this  material. 

The  energy  release  rate  can  be  calculated  by  integrating  the  load  displacement  curves  to 
obtain  the  amount  of  energy  supplied  in  order  to  fracture  the  samples.  It  is  for  this  reason 
the  unnotched  correction-sample  was  tested.  By  subtracting  the  energy  supplied  to  the 
correction-sample  Ucor  (due  to  indentation  and  system  compliance),  up  to  the  point  of 
failure  of  each  notched  sample,  from  the  energy  supplied  to  the  notched  samples  Uq  we 


353 


Load  / KN 


arrive  at  the  energy  U  due  to  the  presence  of  the  notches,  and  therefore  fracture,  alone. 
Figure  6  shows  the  difference  between  the  load  extension  curves  for  the  samples  described 
and  table  2  the  relevant  parameters  calculated  from  these  data. 
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Fig  6.  Load  extension 
curves  for  CT1,  CT2 
and  the  unnotched 
correction  sample. 
Enegies  supplied  to 
the  samples  are 
found  by  integration. 


Table  2.  Energies  supplied  to  the  samples  up  to  Ps%. 


Sample 

Ps%  /N 

UQ  /mJ 

UcoR  /  mJ 

U/mJ 

CT1 

184.5 

18.37 

6.70 

11.67 

CT2 

178.0 

22.83 

6.23 

16.60 

The  energy  release  rate,  G,  for  each  sample  can  be  calculated  from 


G  - 


U 

BW</> 


(7) 


where  (j)  is  the  dimensionless  constant  0.199  derived  from  the  numerical  solution  of  for  G  for 

this  particular  geometry  of  CT  sample  f?l.  Using  equation  (7)  the  energy  release  rates  are 

2  2 

therefore  65.45  Jm"  and  93.01  Jnf  for  samples  CT1  and  CT2  respectively. 

The  oscilloscope  trace  clearly  showed  when  each  of  the  silver  strips,  illustrated  in  Fig.  3, 
broke.  Figure  7  shows  the  raw  data  obtained  from  CT2,  all  the  voltage  rises  expected  could 
be  calculated  from  the  measured  resistances  and  are  labelled  with  the  exception  of  the  sixth 
and  seventh  which  ought  to  have  appeared  in  the  region  indicated  in  Fig.  7  by  a  question 
mark  but  which  did  not. 
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Voltage  /V 


Fig  7.  Voltage  time  trace  from 
the  oscilloscope  shows 
when  the  crack  broke 
o  so  ioo  150  200  the  silver  strips. 

Time  Is 

Knowing  the  inter-strip  distance  is  4  mm,  the  crack’s  speed  can  be  calculated  and  be 
seen  to  fall  as  it  crosses  the  ligament,  from  an  initial  ~  1  mm.s"1  to  a  final  -0.07  mm.s  .  The 
crack  growth  is  stable.  This  is  likely  to  be  due  to  the  displacement  control  nature  of  the 
loading;  once  the  elastic  energy  stored  in  the  sample  is  expended  in  new  crack  surface 
generation  more  has  to  be  stored  through  loading  before  further  propagation  can  occur.  The 
low  fracture  toughness  means  that  fracture  occurs  well  before  any  appreciable  amount  of 
energy  is  stored;  consequently  only  small  crack  advances  are  possible  and  growth  is  stable. 

The  DICC  technique  was  used  to  calculate  strain  fields  in  the  vicinity  of  the  crack  tip. 
Figure  8  shows  a  result  obtained  just  before  the  peak  load  for  sample  CT2. 

0.16 

0.14 

0.12 
0.1  g 

ar 

0.08  c/5 

B. 

0.06  ^ 

s° 

©s 

0.04 

0.02  Fig  8.  The  tensile  strain 

component  present 
in  the  sample  just 
prior  to  failure. 


Figure  8  shows  intense  deformation  in  a  very  localized  region.  No  crack  was  visible  in 
the  image  itself.  The  maximum  tensile  strain  is  of  the  order  0.16  %  which  is  in  agreement 
with  other  measurements  made  on  a  very  similar  PBX  1101 .  Quantitative  measurements  could 
not  be  made  once  the  crack  began  to  propagate  because  there  was  insufficient  spatial 
resolution  in  the  images  to  locate  the  crack-tip. 
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Figure  9  is  a  photograph  of  the  sample  CT2  after  testing  and  before  being  removed  from 
the  clevises. 


Fig  9.  Digital  image  of  the  failed  sample. 


Crack  bridging  by  fibrils  of  the  binder  is  clearly  in  evidence  in  Fig.  9.  This  is  consistent 
with  previous  investigations  on  similar  PBXs  111,121 .  The  density  of  binder  fibrils  is  a 
maximum  at  the  crack  tip  and  diminishes  back  along  the  crack  until  no  stands  are  seen  at  all. 


Initial  failure  resulting  in  crack  formation  is  brittle  in  nature  and  occurs  at  a  very  low 
global  strain,  of  the  order  of  ~  0.16  %.  Subsequent  to  crack  formation  there  is  crack  bridging 
by  the  binder  fibrils  as  shown  in  Fig  9.  Further  deformation  of  the  fibrils  is  a  ductile  process 
involving  extremely  large  strains,  of  the  order  of  several  hundred  percent  within  a  region 
localised  around  the  plane  of  the  crack. 


What  is  believed  to  be  happening  is  that  initially  the  binder  debonds  from  the  filler 
particles  f131  along  a  plane  that  will  later  form  the  crack;  this  process  is  very  ‘stiff  and 
accounts  for  the  brittle  nature  of  the  material.  The  reduction  in  load  bearing  area  in  this 
plane  dramatically  increases  the  stress  in  the  remaining  binder,  which  yields,  and  debonded 
regions  grow  into  voids,  separated  by  binder  which  form  the  fibrils  visible  in  Fig.  9;  this 
process  is  a  ductile  one.  Further  deformation  results  in  void  coalescence  and  fibril  thinning 
until  the  point  at  which  there  is  no  binder  spanning  the  crack  faces,  at  this  point  failure  is 
complete. 


It  is  important  to  note  that  neither  the  ductile  nature  of  the  binder  failure  following 
binder/filler  debonding  nor  the  stable  crack  growth  are  represented  in  the  calculated  energy 
release  rates. 
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5. 


CONCLUSIONS 


The  fracture  toughness  and  energy  release  rates  of  two  PBS  CT  samples  have  been 
measured  to  be  0.23  MPa  m12  and  65.45  Jm"2,  and  0.24  MPa  m12  and  93.01  Jm"2 
respectively.  Comparisons  of  the  dimensions  of  the  samples  to  the  size  of  the  process  zone 
ahead  of  the  crack  tip  indicate  that  the  samples  were  not  in  a  state  of  plane  strain, 
consequently  the  measured  values  for  Kj  and  Gj  are  not  the  critical  values,  rather,  they  will 
be  over-estimates.  Nevertheless  the  values  are  still  of  interest  as  they  give  upper  bounds  for 
the  critical  values  and  can  still  be  used  in  choosing  the  correct  size  of  sample  for  future 
experiments.  The  calculated  energy  release  rates  do  not  incorporate  the  observed  stable 
crack  growth  nor  the  final  ductile  breaking  of  the  binder  fibrils  spanning  the  sample  in  the 
latter  stage  of  failure. 

The  crack’s  speed  has  been  measured  as  it  traversed  the  ligament  (W-a).  The  speed  was 
seen  to  diminish  from  an  initial  1  mm  s'1  to  a  final  -0.07  mm  s’1.  Crack  propagation  was 
stable  due  to  the  displacement  control  method  of  loading. 

Use  of  the  DICC  technique  has  shown  localized  tensile  deformation  with  failure  at 
approximately  -0.16  %  strain. 

A  possible  failure  mechanism  has  been  suggested  which  would  explain  the  initial 
brittleness  followed  by  ductile  behaviour  that  is  observed  to  occur  in  the  failure  of  many 
PBXs. 

Future  work,  providing  more  material  can  be  sourced,  will  involve  looking  toward 
experiments  with  larger  sample  sizes  so  as  to  measure  the  critical  values  of  Ki  and  G/,  as  well 
as  trying  to  measure  more  appropriate  parameters  based  upon  a  non-linear  elastic 
foundations  such  as  Rice’s  J-integral f141. 
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ON  THE  REACTIONS 
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Abstract: 

The  new  preparation  methods  of  1,1 -diamino-2, 2-dinitroethylene  and  2- 
dinitromethylene-4,5-imidazolidinedine  from  2-methylimidazole  were  studied.  The  yield 
of  2-dinitromethylene-4,5-imidazolidinedione  was  20.3%  by  nitrating  2-methylimidazole 
in  the  sulfuric  and  nitric  acid.  Under  different  alkaline  conditions,  2-dinitromethylene- 
4,5-imidazolidinedione  can  process  two  different  reactions:  in  the  alkalescent 
conditions,  the  main  product  is  Fox-7;  with  alkali  conditions,  the  main  product  is 
potassium  dinitromethanate.  By  optimizing  reaction  conditions,  the  yield  of  Fox-7  could 
be  up  to  95.3%  and  for  potassium  dinitromethanate,  it  coulde  be  65%. 

Keywords:  2-methylimidazole,  2-(dinitromethylene)-4, 5-imidazolidione, 

1, 1 -diamino-2, 2-dinitroethylene,  potassium  dinitromethanate 


1.  INTRODUCTION 

2-(dinitromethylene)-4, 5-imidazolidione  is  an  important  intermediate  for  preparing 
Fox-7  (1,1 -diamino-2, 2-dinitroethylene),  which  was  reported  in  1998  for  the  first  time 
together  with  Fox-7 [1' 


o  o 


(I)  FOX-7 

No  more  reactions  have  been  reported  to  this  day  except  this  reaction.  And  the  chemical 
properties  of  (1)  are  not  investigated  sufficiently.  Our  experiments  found  that  in  the 
structure  of  (I),  two  amide  bonds  are  reactive  and  easy  to  break;  the  gem-dinitro  is  unstable 
and  also  easy  to  decompose.  Therefore,  we  regarded  that  (I)  can  easily  process  two  different 
reactions:  ring  cleavage,  losing  nitrogen  oxides.  Such  ideas  have  been  proved  in  the 
experiments  f2'. 


This  project  was  supported  by  fund  of  CAEP  (20020540) 
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(1) 


(2) 


02N^^N02 
HN  NH 


FOX-7  Parabanic  acid 

We  studied  the  reactions  of  (I)  under  different  alkaline  conditions  and  found  that  there 
are  two  competitive  reactions  under  the  alkaline  conditions.  The  main  products  of  the  two 
reactions  are  Fox-7  and  parabanic  acid.  When  the  reactions  changed,  the  yield  and  ratio  of 
both  products  vary.  By  investigating  the  reaction  of  (I)  in  alkali  conditions,  a  simple  and 
convenient  procedure  for  synthesis  of  potassium  dinitromethanate  is  obtained. 

2.  EXPERIMENTAL 

2.1  Equipment  and  reaction  reagents 

Reagents:  2-methylimidazole(c.p.),  sulfuric  acid(98%,  a.c.),  fuming  nitric  acid(1.51 
g/cm  ),  KOH(a.c.),  NaOH(a.c.),  trifluorinacetic  acid(a.c.). 

Equipment  for  analysis:  FTIR,  Nicolet-800;  NMR,  Varian  INOVA-400  MHz; 
Magnetic-Mass  Spectroscopy,  Finnigan  MAT-95S  etc. 

2.2  Preparation  of  2-(dinitromethylene)-4,5-imidazolidione(l) 

Finely  ground  2-methylimidazole  16.5g  (0.2mol)  was  dissolved  in  sulfuric  acid  160 
ml(98%)  at  room  temperature  with  vigorous  stirring.  Fuming  nitric  acid  (32  ml)  was  added 
to  the  system  in  90  min  at  the  same  temperature.  After  lh  a  white  precipitate  formed.  Then  it 
was  filtrated,  collected  and  washed  several  times  by  cold  trifluorinacetic  acid.  2- 
(dinitromethylene)-4,5-imidazolidine(l)  (8.2g)  was  obtained  after  drying  at  0°C  in 
vacuum.  The  yield  was  found  to  be  about  20.3%.  Decomposition  temp  240°C  (10°C  /min 
DSC);  IR.  (KBr):  3313  (NH2),  3226(NH2),  3169(NH2),  1805(C=O),  1754(C=0),  1584(N02), 
1499,  1318(N02),  1232,  1176,  758cm'1.  !H  NMR  (DMSO-d6)  5  11.03  ppm;  13C  NMR 
(DMSO-d6)  5  128.71,  154.79,  159.70;  MS  m/e  202  (M+);  Anal.Calcd  for  C4H2N406:  C, 
23.77;  H,  1.0;  N,  27.72.  Found:  C,  23.  90;  H,  1.23;  N,  27.87.Size:  standard  A4 
(297x210mm). 

2.3  Preparation  of  Fox-7 

2-(dinitromethylene)-4,5-imidazolidione  (2.1g,  0,01mol)  was  added  to  KOH  solution 
(5%,  10ml)  at  room  temperature  with  vigorous  stirring.  The  solid  dissolved  immediately  and 
was  kept  for  several  hours.  A  bright  yellow  solution  formed.  At  0~5°C,  the  crystals  were 
given,  filtered  and  washed  for  several  times  by  water.  The  major  product  formed  was  Fox-7 
(1.41g)  (95.3%).  Decomposition  temp  238°C  (7°C  /min  DSC);  IR.  (KBr):  3404(NH2), 
3330(NH2),  3223(NH2),  1633(NH2),  1518(N02),  1469,  1393  1351(N02),  1221,  1166,  1137, 
1023,  620,  458  cm'1.  !H  NMR  (DMSO-d6)  5  8.  759  ppm.  13C  NMR  (DMSO-d6)  5  129.411, 
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159.040;  MS  m/e  148  (M+);  Anal.Calcd  for  C2H4N4O4:  C,  16.22;  H,  2.72;  N,  37.84.  Found: 
C,  16.09;  H,  2.68;  N,  37.87. 

2.4  Preparation  of  dinitromethanate 

2-(dinitromethylene)-4,5-imidazolidione(2.1g,0.01mol)  was  treated  with  water(lOml)  at 
room  temperature  with  vigorous  stirring.  Then  KOH  solution  (15%,40ml)was  added  to  the 
system  slowly.  The  solution  was  heated  up  to  95°C  and  kept  for  5h.  At  10~20°C  the 
yellowish  precipitate  was  separated  away  from  the  slurry.  The  precipitate  was  then  washed 
for  several  times  and  dried  to  give  potassium  dinitromethanate  (1.4g)  (65%).  Dec  temp. 
220°C  UV;  Imax  =  363nm;  e  =  20800. 

3.  RESULTS  AND  DISCUSSION 

3.1  Effect  of  reaction  time  on  the  yield  of  potassium  dinitromethanate 

It  could  be  seen  from  table  1  that  when  the  reaction  time  was  over  3  h,  there  was  no 
FOX-7  and  the  yield  of  potassium  dinitromethanate  was  above  80%.  Such  results 
demonstrated  that  the  major  reaction  finished  in  about  3  h;  and  in  the  reaction  time  of  lh,  a 
little  of  Fox-7  obtained.  These  results  suggested  that  the  reaction  might  immediately  form 
Fox-7  firstly,  then  it  decomposed  to  potassium  dinitromethanate.  For  one  hour  reaction  time, 
some  Fox-7  did  not  decompose  completely,  therefore,  the  yield  of  potassium 
dinitromethanate  was  only  55%;  with  the  prolong  of  time,  the  yield  of  parabanic  acid  did  not 
change  obviously. 

Table  1.  Effect  of  reaction  time  on  FOX-7  yield 


Reaction  time/  h 

1 

2 

3 

4 

Yield  of  FOX-7/  % 

31 

12 

0 

0 

Y.  of  para,  acid  /  % 

3 

4 

4 

3 

Y.of  dinitromethanate/  % 

55 

72 

81 

84 

*2-(dinitromethylene)-4,5-imidazolidione(2.1g,0.01mol),  T=90°C 


3.2  Effect  of  temperature  on  reactions 

Seen  from  table  2,  temperature  had  a  great  effect  on  reactions.  At  lower  temperature,  the 
yield  of  fox-7  was  relatively  high,  while  parabanic  acid  and  potassium  dinitromethanate 
were  both  low;  with  the  temperature  increased,  the  yield  of  Fox-7  lowered,  while  that  of 
parabanic  acid  changed  little  and  potassium  dinitromethanate  increased  obviously. 
Especially,  at  90°C  the  yield  of  potassium  dinitromethanate  exceeded  80%.  Therefore,  lower 
temperatures  might  be  propitious  to  ring  cleavage  reaction  to  obtain  Fox-7;  higher 
temperature  might  facilitate  decomposing  of  Fox-7  into  potassium  dinitromethanate  ,  which 
showed  higher  yield.  At  30~120°C,  temperature  had  little  effect  on  parabanic  acid  and  its 
yield  changed  not  clearly 
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Table  2.  Effect  of  temperature  on  the  reaction 


Reaction  temperature/°C 

30 

60 

90 

120 

Yield  of  FOX-7/  % 

76 

41 

0 

0 

Y.  of  para.acid  /  % 

6 

7 

6 

8 

Y.of  dinitromethanate/  % 

3 

15 

84 

80 

*2-(dinitromethylene)-4,5-imidazolidione(0.01mol),  KOH  20ml  (60%),  3h. 


3.3  Effect  of  alkalescence  on  reactions 

From  table  3  it  could  be  seen  that  the  intensity  of  alkali  had  a  great  effect  on  the 
components  of  products.  For  the  reaction  of  2-(dinitromethylene)-4,5-imidazolidione  (I)  with 
water,  parabanic  acid  was  the  major  product  and  Fox-7  was  by-product,  without  potassium 
dinitromethanate.  But  the  reaction  of  I  with  ammonia  led  to  form  Fox-7,  the  yield  of  which 
was  over  90%.  In  the  reaction,  the  yield  of  parabanic  acid  was  relatively  low  and  there  was 
little  potassium  dinitromethanate.  While  1  was  treated  with  NaOH  and  KOH,  the  major 
product  was  still  Fox-7  with  lower  yield  compared  with  that  of  treated  with  ammonia  as  the 
ring  cleavage  agent.  At  the  same  time,  the  yield  of  parabanic  acid  increased  and  there  was  a 
small  amount  of  potassium  dinitromethanate.  Therefore,  Fox-7  could  be  obtained  with  the 
highest  yield  in  alkalescent  conditions,  on  the  contrary  it  was  easy  to  produce  parabanic  acid 
and  potassium  dinitromethanate  under  alkali  conditions. 

Table  3.  Effect  of  the  kind  of  alkali  on  the  reaction  yield 


Reagent 

Concentration. 

% 

Y.  OF  FOX- 
7% 

Y.  para.acid 

% 

Y.dinitromethanate 

% 

h2o 

— 

15 

76 

0 

nh3 

25 

91 

3 

0 

NaOH 

60 

78 

7 

3 

KOH 

60 

76 

6 

3 

*2-(dinitromethylene)-4,5-imidazolidione(0.01mol),  T  =  30°C 


3.4  Effect  of  alkali  concentration  on  reaction 

The  concentration  of  alkali  also  affected  the  components  of  products.  Seen  from  table  4, 
the  yield  of  Fox-7  gradually  increased  with  the  concentration  decreasing  of  KOH.  As  the 
concentration  of  KOH  was  10%,  the  yield  of  Fox-7  as  the  major  product  was  65%  and  that 
of  potassium  dinitromethanate  gradually  decreased,  only  about  1 8%.  The  yield  of  parabanic 
acid  did  not  change  distinctly.  It  is  given  from  above  data  that  Fox-7  is  unstable  at  the  higher 
concentration  of  alkali  and  easy  to  decompose  to  potassium  dinitromethanate.  Therefore, 
increasing  the  concentration  of  alkali  is  beneficial  to  the  formation  of  potassium 
dinitromethanate;  Fox-7  is  relatively  stable  and  difficult  to  occurr  decomposition  reaction  in 
lower  concentration  of  alkali,  accordingly  yield  is  higher. 
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Table  4.  Effect  of  the  concentration  of  alkali  on  the  reaction  yield. 


Con.  KOH  /  % 

10 

30 

50 

70 

Yield  of  FOX-7/  % 

65 

25 

8 

0 

Yield  of  para,  acid  /  % 

7 

7 

5 

3 

Y. dinitromethanate/  % 

18 

46 

71 

84 

*2-(dinitromethylene)-4,5-imidazolidione(0.01mol),  T  =  90°,  3h 


3.5  Reaction  mechanism 

In  our  previous  work |2',  we  discussed  the  synthesis  mechanism  of  FOX-7  and  parabanic 
acid  in  the  reaction  of  ammonia  as  ring  cleavage  agent,  and  the  rule  is  the  same  with  the 
alkali,  such  as  KOH  and  NaOH.  Therefore,  we  only  discuss  the  form  process  of  potassium 
dinitromethanate,  another  main  product. 


There  may  be  two  potential  reaction  mechanisms: 
One  is 


02N^H/N02 


NO, 


CH 


NO, 


the  other  is 


KOH 


NO, 

/  2 

CH 

\ 


no2 


K 


4.  CONCLUSION 

The  products  of  reactions  of  2-(dinitromethylene)-4,5-imidazolidinedione  with  alkaline 
agents  were  characterized  and  the  reaction  conditions  were  optimized.  Using  KOH  as  the 
ring  cleavage  agent,  the  total  yield  of  FOX-7  in  the  optimized  conditions  is  19.3%,  which  is 
higher  compared  with  ammonia  ring  cleavage  method  (13.1%)  reported  in  literature.  The 
synthesis  mechanisms  of  intermediates  formation  in  the  alkaline  ring  cleavage  method  were 
discussed. 
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Abstract: 

The  main  stages  of  destructive  nitration  of  2-(4-oxo-6-hydroxy-2-pyrimidinylidene) 
acetic  acid  in  various  nitrating  mixtures  have  been  identified.  The  effect  of  consecutive 
in  troduction  of  nitro  groups  on  the  formation  of  the  key  in  termediate  responsible  for  the 
generation  of  1,1-diamino-  2,2-dinitroethylene  (DADNE,  FOX-7)  has  been 
demonstrated.  A  general  scheme  of  chemical  transformations  of  2-  methyl-4,  6- 
dihy dr oxy pyrimidine  under  the  conditions  of  acidic  nitration  has  been  suggested. 

Keywords:  mechanism,  nitration,  2-(4-oxo-6-hydroxy-2-pyrimidinylidene) 

acetic  acid,  synthesis,  DADNE  (FOX-7). 


1.  INTRODUCTION 

Currently  a  major  focus  in  research  into  energetic  materials  is  the  pursuit  of 
improvements  in  insensitivity  towards  external  stimuli  whilst  maintaining  or  enhancing 
performance.  This  goal  is  consistent  with  the  gradual  adoption  of  insensitive  munitions  (IM) 
by  defence  forces  around  the  world.  One  of  the  general  approaches  toward  developing 
explosive  formulations  that  satisfy  IM  criteria  is  to  use  intrinsically  less  sensitive  ingredients 
such  as  1,3, 5 -triamino -2,  4,  6-trinitrobenzene  (TATB)  which  crystal  structure  features  a 
network  of  intra-  and  intermolecular  hydrogen  bounds.  Such  network  effectively 
delocalizes  the  critical  stresses  within  discrete  molecular  fragments  and  so  prevents  or 
hinders  the  initial  stage  of  decomposition  of  nitro  compounds,  the  homolytical  rupture  of  C- 
NO2  (N-NO2)  bond.  The  synthesis  of  insensitive  high  explosives  possessing 
a  supramolecular  network  of  hydrogen  bonds  can  be  carried  out  both  in  the  series  of  C-NO2 
and  N-NO2  derivatives,  the  leading  role  being  played  by  structures  comprising  nitro  and 
amino  groups  in  the  molecule.  Apart  from  TATB,  such  structural  features  are  inherent  in 
1,1 -diamino-2, 2-dinitroethylene  (DADNE)  currently  known  as  FOX-7.  This  compound  was 
first  synthesized  in  SDCB  "  Technolog"  in  1989  [  \  More  recently  in  Zelinsky  Institute  of 
Organic  Chemistry  RAS  an  alternative  procedure  for  DADNE  preparation  was  worked  out 
which  was  based  on  the  reactions  of  mono  substituted  cyanamides  with  nitro  compounds 
possessing  active  methylene  groups  f2'.  An  effective  compromise  between  energetic 
properties  and  sensitivity  of  DADNE  has  attracted  attention  of  research  groups  in  various 
countries  to  this  promising  insensitive  high  explosive  (IHE).  To  date  a  considerable  body  of 
works  characterizing  DADNE  as  a  perspective  IHE  has  been  published  ,4’81.  Still  the 
problems  relating  to  the  synthesis  of  DADNE  and  its  analogues  remain  topical.  While  for 
other  compounds  of  similar  structure,  viz.  guanidine  and  urea,  the  synthesis  of  corresponding 
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nitro  derivatives  doesn’t  present  any  problems  and  the  industrial  technologies  of  their 
production  are  realized  in  many  countries,  the  preparation  of  nitro  derivatives  of  amidines 
constitutes  a  rather  intricate  problem  because  of  the  low  reactivity  of  amidines  in  direct 
nitration  reactions  as  distinct  from  guanidine  and  urea.  At  present  the  main  synthetic  route  to 
DADNE  is  based  on  the  generation  of  intermediates  containing  dinitroacetamidine  structural 
fragments  alongside  with  the  readily  destroyed  moieties  arising  from  substituted  nitrogen 
heterocycles.  Such  approaches  imply  a  specific  protection  of  the  amidine  fragment  by  means 
of  the  alteration  of  its  reactivity  and  stability  under  the  conditions  of  the  nitration  reaction.  2- 
Methylimidazole,  its  derivatives  and  derivatives  of  2-methyl-4,6-dihydroxypyrimidine  were 
used  as  starting  materials  f8'.  It  is  noteworthy  that  the  nitration  of  nitrogen  containing 
heterocyclic  compounds  often  takes  place  rather  ambiguously  owing  to  the  accompanying 
processes  of  prototropic  transformations  of  such  compounds  in  acid  media.  The  reaction 
pathway  is  also  affected  by  the  ambident  reactivity  of  such  heterocycles.  In  particular, 
diazines,  despite  their  rather  high  basicity,  are  moderately  weak  nucleophiles  in  the  reaction 
of  electrophilic  substitution.  Rationalization  of  their  reactivity  is  further  complicated  when 
the  heterocyclic  molecule  contains  substituents  capable  of  prototropic  isomerism.  Thus,  in 
nitric  acid  2-methyl-4-amino-6-hydroxypyrimidine,  2-methyl-4,6-diaminopyrimidine,  2- 
amino-4,6-dihydroxypyrimidine,  2-methyl-4,6-dihydroxypyrimidine  are  readily  mono 
nitrated  into  5-position  of  the  pyrimidine  ring,  whereas  in  mixed  acids  the  nitration  of 
barbituric  acid  f9',  2-  amino-,  2-  methyl-4, 6 -dihydroxypyrimidine  is  accompanied  by  the 
formation  of  corresponding  5,5-dinitro  derivatives  131 .  Even  under  the  conditions  of  a  distinct 
shortage  of  nitric  acid  the  main  product  of  2-  methyl-4, 6-dihydroxypyrimidine  nitration  is  2- 
dinitromethylene-4,6-dihydroxy-5,5-dinitropyrimidine.  Still  the  effect  of  the  successive 
introduction  of  the  nitro  groups  into  the  heterocyclic  molecule  on  the  formation  of  DADNE 
precursor  is  currently  uncertain. 

2.  RESULTS  AND  DISCUSSION. 

In  order  to  get  insight  into  the  mechanism  of  nitrolysis  of  dihydroxypyrimidine 
derivatives,  we  studied  the  behavior  of  another  representative  in  the  series  of  2-alkyl 
dihydroxypyrimidines,  2-(4-oxo-6-hydroxy-2-pyrimidinylidene)  acetic  acid  (1),  in  the 
nitration  reaction.  As  distinct  from  2-  methyl-4, 6-dihydroxypyrimidine,  this  compound 
possesses  a  more  active  methylene  group  in  2-position  compared  to  the  methyl  group  in  2- 
methyl-4, 6-dihydroxypyrimidine.  Judging  by  the  'H  NMR  spectrum,  compound  (1)  exists  in 
Cl  I -form  (A). 


A  B 

However,  regardless  of  its  tautomeric  form,  the  chemical  behavior  of  compound  (1)  is 
analogous  to  that  of  other  4,6-dihydroxypyrimidines.  The  most  active  in  electrophilic 
substitution  reactions  appears  5-position  of  the  heterocycle.  For  instance,  compound  (1)  is 
readily  brominated  forming  initially  2-(4-oxo-5-bromo-6-hydroxy-2-pyrimidinylidene) 
acetic  acid  (2),  and  eventually  dibromoderivative  (3).  Treatment  of  compound  (1)  with 
sodium  nitrite  in  acetic  acid  affords  the  oxime  of  2-(4-oxo-6-hydroxy-2-pyrimidinylidene) 
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acetic  acid  (4).  The  study  of  compound  (1)  nitration  in  various  media  demonstrated  that  in 
nitric  acid,  like  that  for  mentioned  above  pyrimidines,  the  nitration  product  represents  2-(4- 
oxo-6-hydroxy-5-nitro-2-pyrimidinylidene)  acetic  acid  (5).  The  presence  of  an  active 
methylene  group  in  the  molecule  of  (5)  facilitates  the  nitration  process.  Thus,  after  nitration 
with  mixed  acid  a  white  crystalline  compound  was  isolated  from  the  reaction  mixture,  which 
quickly  decomposed  in  air  on  the  filter.  The  main  product,  which  was  identified  after  the 
dissolution  of  this  compound  in  water,  was  ammonium  trinitromethide  (8).  In  order  to  avoid 
its  decomposition  under  the  action  of  atmospheric  moisture,  the  product  was  kept  for  2 
weeks  in  a  vacuum-desiccator  at  room  temperature.  Based  on  the  data  of  IR  and  mass 
spectra  and  elemental  analyses,  the  product  was  identified  as  1  -amino- 1 -carbamino-2,  2,  2  - 
trinitroethane  (7).  A  substantial  loss  in  the  mass  of  the  specimen  was  observed  during  its 
storage  under  reduced  pressure.  The  UV  spectrum  of  sodium  hydroxide  used  as  desiccant 
revealed  a  characteristic  absorption  of  the  dinitromethide  anion. 


+  C02  +  CH2(N02)2 


cr  oh 


Scheme  1.  Decomposition  of  2-trinitromethyl-5 ,  5-dinitro-4,  6- 
dihydroxypyrimidine. 

As  we  reported  earlier  131 ,  an  analogous  transformation  took  place  with  2- 
(dinitromethylene)-4,6-dihydroxy-5,  5-dinitropyrimidine  (9). 

The  results  obtained  allow  us  to  believe  that  the  nitration  of  2-(4-oxo-6-hydroxy-2- 
pyrimidinylidene)  acetic  acid  under  the  conditions  similar  to  those  for  2-  methyl-4,  6- 
dihydroxypyrimidine  most  likely  results  in  the  formation  of  2-trinitromethyl-5,  5-dinitro-4, 
6-dihydroxypyrimidine  (6). 
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7 

Scheme  2:  Chemical  transformations  of  2-(4-oxo-6-hydroxy-2- 
pyrimidinylidene)  acetic  acid. 

i  'j 

The  proposed  stmcture  of  (6)  may  be  supported  by  comparing  its  NMR  C  spectrum 
with  that  of  2-(dinitromethylene)-4,6-dihydroxy-5,  5-dinitropyrimidine  (9)  in  deuterated 
95%  sulfuric  acid  with  allowance  made  for  a  possible  protolytic  equilibrium  due  to  the 
presence  of  an  additional  nitro  group  in  the  molecule  of  (6).  (See  Table  1.) 
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Table  1.  Chemical  shifts  (S,  ppm.)  in  NMR  13  C  spectra  of  compounds  (6)  and  (9). 


Compound 

N-C-N 

-C=(N02)2 

-C=0 

-2-  R 

Solvent 

9 

104 

113,8 

146,7 

152,61 

d2so4 

6 

116,6 

127,18 

153,12 

156,7 

d2so4 

The  explicit  difference  in  the  course  of  nitration  of  compound  (1)  and  the  structurally 
similar  2-  methyl-4, 6-dihydroxypyrimidine  is  apparently  due  to  the  different  sequence  of  the 
introduction  of  nitro  groups  into  the  pyrimidine  molecule.  In  the  case  of  (1)  and  its  5-  nitro 
derivative  the  nitration  proceeds  primarily  on  the  exocyclic  fragment  and  after  the  formation 
of  an  electron  accepting  substituent  at  2-  position  a  repeated  nitration  takes  place  at  5- 
position  which  leads  further  to  the  exhausting  nitration  of  the  pyrimidine.  A  similar  picture 
is  observed  during  nitration  of  barbituric  acid  and  2-  amino-4,  6-dihydroxypyrimidine  f3'91. 

So,  the  nitration  of  2-alkyl-  and  2-carboxymethyl-4,6-dihydroxypyrimidines  proceeds 
through  different  intermediates  because  of  the  varying  sequence  of  nitro  groups  introduction 
into  the  molecule. 


For  2-  methyl-4,  6-dihydroxypyrimidine  the  second  stage  of  nitration  takes  place  on  the 
carbon  atom  in  5-  position,  after  which  the  exocyclic  moiety  is  affected.  If  the  situation  were 
opposite,  we  would  observe  the  sequence  analogous  to  that  for  the  nitration  of  compound  (1) 
and,  as  a  consequence,  DADNE  should  not  appear  in  the  reaction  products. 


As  it  was  shown  by  us  earlier,  the  key  factor  determining  the  second  stage  of  2-  methyl- 
4, 6-dihydroxypyrimidine  nitration,  involves  its  protonation  to  produce  a  highly  reactive 
intermediate  further  nitrated  to  the  5,5-dinitro  derivative.  The  study  of  NMR  C  spectra  of  2- 
methyl-5-nitro-4,  6-dihydroxypyrimidine  in  deuterated  95%  sulfuric  acid  revealed  that  this 
compound  existed  at  least  into  two  tautomeric  forms,  which  was  evident  from  the  presence 
of  two  groups  of  signals  attributed  to  the  carbon  atom  of  the  pyrimidine  ring.  (See  Fig.  1) 


13  i  i 

Fig  1.  Fragments  of  NMR  C  spectra  of  solutions  of  2-  methyl-5 -nitro-4, 6- 

dihydroxypyrimidine  in  deuterated  95%  sulfuric  acid  (1)  and  in  deuterated 
50%  sulfuric  acid  (2). 
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Judging  by  the  shift  of  the  methyl  group  signal  of  2-  methyl-5 -nitro-4, 6- 
dihydroxypyrimidine  in  solutions  of  sulfuric  acid  of  varying  concentrations,  the  ionization  of 
this  compound  obeys  the  acidity  function  Ha  derived  for  the  equilibrium  of  O-protonation  of 
amides.  This  compound  has  the  pKBH+  -4.25.  The  corresponding  4,6-dimethoxy  derivative 
appears  to  be  a  Hammett  base  with  pKBH+-2.2  in  terms  of  the  Ho  acidity  function.  As  was 
mentioned  above,  the  similar  picture  was  observed  in  the  nitration  of  2-methyl-4-amino-6- 
hydroxypyrimidine  which  was  protonated  also  on  the  nitrogen  atom  of  the  pyrimidine  ring 
which  was  confirmed  by  the  1 H  NMR  spectrum  of  its  nitrate  salt. 

Thus,  as  distinct  from  2-methyl-  4,6-dimethoxy-5-nitropyrimidine  and  2-methyl-4- 
amino-6-hydroxypyrimidine  which  are  protonated  on  the  nitrogen  atom,  2-  methyl-5 -nitro- 
4,6-dihydroxypyrimidine  is  protonated  on  the  oxygen  atom.  This  results  in  different  modes 
of  nitration  of  these  compounds.  So  the  isomerisation  of  the  O-protonated  form  leads  to  the 
generation  of  a  reactive  intermediate  readily  nitrated  to  the  5,5-dinitro  derivative.  When 
analyzing  the  possible  structures  and  reactivity  of  this  intermediate,  it  was  established  that  its 
further  nitration  induced  the  formation  of  a  double  bond  between  the  cyclic  carbon  and  a 
substituent  in  2-position.  In  lH  NMR  spectrum  of  a  solution  of  2-isopropyl-4,6- 
dihydroxypyrimidine  in  concentrated  sulfuric  acid  a  methyl  group  doublet  and  methine 
group  septet  are  observed  which  imply  the  presence  of  the  isopropyl  group.  On  adding 
potassium  nitrate  to  this  solution,  as  the  5,5-dinitro  derivative  forms,  the  doublet  and  septet 
are  transformed  into  a  singlet  (Fig.2) 


CH3 


5 


CH3 


5  4  3  2 

5 


a  b 

Fig  2.  Fragments  of  lH  NMR  spectra  of  solutions  of  2-isopropyl-4,6- 

dihydroxypyrimidine  in  95%  sulfuric  acid  before  (a)  and  after(b)  addition 
of  potassium  nitrate(  5, ppm.). 
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This  change  is  apparently  a  consequence  of  the  formation  of  a  double  C=C  bond 
between  the  substituent  and  a  ring  carbon  atom  due  to  the  rearrangement  of  the  molecule  in 
the  course  of  the  second  stage  of  nitration  with  the  formation  of  a  quinoid  type  structure. 

Hence  the  change  in  the  succession  of  nitro  groups  introduction  into  the 
dihydroxypyrimidine  molecule  determines  the  structure  of  the  key  intermediate  which 
eventually  produces  DADNE.  Based  on  the  discussion  above,  the  sequence  of  chemical 
transformations  leading  to  the  key  intermediate  responsible  for  the  formation  of  DADNE, 
can  be  depicted  by  Scheme  3. 

The  important  role  of  the  structure  (9)  should  be  stressed.  Apparently,  it  is  precisely  the 
presence  of  the  dinitromethylene  moiety  that  determines  a  definite  chemical  stability  of 
intermediate  (9).  Otherwise,  in  the  presence  of  an  ordinary  C-C  bond  at  2-position  of  (9), 
the  nitration  process  should  have  proceeded  further  until  the  stage  of  the  trinitromethyl 
derivative  and  its  decomposition  should  be  similar  to  that  of  (6)  and  barbituric  acid  [9'.  In  this 
case  the  main  reaction  products  should  be  di-and  trinitromethane. 


Scheme  3.  Nitration  of  2-  methyl-5-nitro-4,6-dihydroxypyrimidine. 
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3. 


CONCLUSION. 


The  behavior  of  2-(4-oxo-6-hydroxy-2-pyrimidinylidene)  acetic  acid,  a  close  structural 
analogue  of  2-  methyl  -4,6-dihydroxypyrimidine,  in  the  nitration  reaction  has  been  studied 
and  basic  differences  in  the  nitration  mechanism  are  shown.  The  effect  of  a  consecutive 
order  of  nitro  groups  introduction  on  the  generation  of  the  key  intermediate  responsible  for 
the  formation  of  DADNE  has  been  established.  Based  on  the  results  obtained,  a  scheme  of 
the  chemical  transformations  of  2-  methyl  -4,6-dihydroxypyrimidine  in  the  nitration  process 
is  suggested. 
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Abstract: 

Studying  the  armor-piercing  effect  of  Armour-piercing  bomb  that  attacks  aluminum 
target  is  essential  because  the  target  can  be  considered  the  simulation  of  the  actual  fight 
equipmen  t.  Based  on  the  hypothesis  about  building  the  fraction  field,  the  armor-piercing 
effect  of  armor-piercing  bomb  is  analyzed,  and  the  velocity  and  the  intruding  depth 
parameter  model  of  armor-piercing  effect  are  established.  Taking  a  certain  armor- 
piercing  bomb  as  example,  the  intruding  processes  of  armor-piercing  effect  are 
simulated  by  using  the  nonlinear  finite  element  analysis  program  LS-DYNA,  while 
aluminum  target  simulates  the  wall  of  combat  equipment  in  two  different  conditions.  At 
last,  the  finite  element  simulated  results  are  given  and  analyzed  that  agree  with  the 
experiments. 

Keywords:  simulation  study,  armor-piercing  effect,  armor-piercing  bomb,  intrude 


1.  INTRODUCTION 

It  is  great  important  to  study  the  armour-piercing  effect  of  armour-piercing  bomb  that 
attacks  aluminium  target  because  the  target  can  be  considered  the  simulation  of  the  actual 
fight  equipment f1'21.  Piercing -piercing  bomb  impacts  the  target  fleetly  with  high  speed  using 
the  huge  kinetic  energy  of  pill  when  the  warhead  is  shoot.  Its  main  damage  mechanism  is  the 
intruded  effect  to  target.  The  piercing-piercing  effect  is  the  process  that  piercing-piercing 
bomb  intrudes  and  destroys  the  piercing  target  depending  on  its  pill’s  huge  kinetic  energy.  It 
is  own  mechanism  of  armor-piercing  bomb  that  attacks  the  target.  The  destroy  effect 
includes  intrude  effect,  kill  and  wound  effect.  The  distributing  of  fragmental  quality  and 
shape  of  warhead,  and  the  distributing  of  the  fragmental  initial  velocity  and  number  of 
interspecies  are  researched  13,41 .  Based  on  mechanism  analysis  of  intruding  damage  of 
warhead  fragments,  an  intruding  damage  model  of  the  fragments  to  ship-borne  equipment  is 
established  151 .  The  impact  and  intrude  effect  is  the  main  analysis  in  this  paper. 

2.  ARMOR-PIERCING  EFFECT 

Piercing  process  of  armour  is  a  very  complex  and  unbelievable  process.  Piercing  process 
of  armour  and  damage  force  caused  by  it  is  different  because  of  the  different  factors  such  as 
type,  velocity,  hitting  angle  of  piercing-piercing  bomb.  So,  for  the  damage  process  that 
armour-piercing  bomb  attacks  the  fight  equipment,  some  hypothesis  about  building  the  after¬ 
effect  fraction  field  are  as  following: 
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The  after-effect  fraction  field  is  thinking  as  a  point  explosion  model,  all  fragments  are 
come  from  it. 

(1)  Distributing  of  after-effect  fragment  is  a  taper  area,  the  angle  of  cone  is  about 
90°to  110°,  the  centre  line  is  bisector  of  inclination  between  pill  and  inner 
armour  surface  normal. 

(2)  The  number,  quality,  velocity  and  dimension  of  fragments  are  distributing 
approximately  and  symmetrically  according  to  the  centreline  of  cone. 

(3)  Fragments  move  alone  beeline. 


2.1  Average  initial  velocity  of  fragments 

While  the  incendiary  bombs  explode,  many  fragments  of  different  masses,  with  high 
speed,  will  be  produced.  Within  some  distance,  they  are  of  great  damaging  effect  to  structure 
and  equipment.  Meanwhile  they  can  cause  fire  or  detonate  ammunitions.  The  initial  velocity 
of  fragments  is  an  important  parameter  in  describing  the  explosion  effect  of  incendiary 
bombs. 

The  average  initial  speeds  of  fragments  are  as  follows 

v0  =V2fTN/M1  +  °-5ytf)  (1) 


where,  vQ  is  initial  speed;  42E  is  Gurney  constant  of  the  bomb,  in  this  paper,  the 
dynamite  is  TNT,  y[2E  =  2370  m/s;  /?  =  C/Ms  It  is  the  mass  rate  of  the  bomb  to  cartridge 
case,  for  30mmx  170mm.  Armour-piercing  bomb,  /?  =  1/8. 

2.2  Residual  velocity  of  fragments 

To  calculate  the  residual  velocity  of  fragments  after  them  piercing  a  certainty  thickness 
target,  the  formulation  is  given  as  following, 

vr=vc  - k(TS)° (seed c)r vcl  (  2) 

where  vc  is  velocity  when  fragment  attack  the  target  (  m/s)  ,  /c,«,/i,y,2are  the  coefficients 

about  the  material  characteristic  of  target,  m  is  quality  of  fragments(g),  S  is  landing  area  of 
fragments(cm2)  ,T  is  thickness  of  target(m),  is  landing  angle  (  rad)  . 

According  to  the  experimental  data,  when  the  residual  velocity  of  fragments  is  0,  the 
landing  velocity  is  the  utmost  armour-piercing  velocity  of  fragments,  that  is, 

vc  =  kx (TA)ai  ($QcOc)n  (3) 

For  aluminium  material,  the  coefficients  about  the  material  characteristic  of  target  is  that, 
k\=2%52m/s,  #i=0.903,  £i=-0.941,  ri=1.098. 

2.3  Distribution  of  fragments  velocity  in  space 

For  static  dispersion  characteristic  of  fragments,  Experiments  show  that  within  the 
dispersion  angle  Q ,  the  distribution  of  the  number  of  fragments  is  norm.  In  general,  more 

than  90%  of  all  fragments  fall  within  the  angle  of  Q  .  Let  cp  be  the  estimation  of  the 
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dispersion  angle  with  norm  distribution,  a  be  the  mean  squared  variance,  then  the 
distribution  function  of  fragments  in  space  is, 


F  (?)  =  \I A<P)d<P  = -f± — {>(- 
Jo  V 2n  cr  Jo 


{(p-(p)~ 

- —)d(p 

2cr„ 


(4) 


cp  ~  <p 

Where  cr  can  be  evaluated  according  to  90%  of  the  fragments  within  Q ,  a  =Q/3. 3. 


Geometry  characteristic  of  static  dispersion  characteristic  of  fragments  can  be 
represented  as 


<px  =  arctan - 


dj  2  + A 


(p2=  n  -  arctan - 


h 

dU  2  + A 


u 


<p  = 


(px+(p2 


n  =  cp2  ~(px 


(5) 


Where,  A  is  the  maximum  expansion  distance;  /, ,  l2  is  the  effective  length  from  the  mass 
centre  to  the  head  and  after-body,  respectively.  dt  is  the  inner  diameter  of  the  cylinder  part 

of  the  warhead;  (px,(p2  is  the  dispersion  azimuth  angles,  cp  is  the  expectation  of  the 
dispersion  angle  0 

For  dynamic  dispersion  characteristic  of  fragments,  at  the  time  of  explosion,  besides  the 
initial  speed  va ,  there  exists  a  residual  speed  vc .  The  dynamic  parameters  are  marked  with 
on  there  upper  right  quarter,  then 


< 


cp\  =  arctan 
(p'2  =  arctan 
cp'  =  arctan 


%  sin  % 

v0  cos (px+vc 
v0  cos  cp2  +  Vc 
v0  cos  (p  +  Vc 


(6) 


v'0  =  ^/v2o  +  v2c  +  2v0vc  cos^? 
°'g,  =(<P2  3-3 


(7) 

(8) 


2.4  Intruding  depth  of  fragments 

As  the  mentioned  above,  there  are  many  factors  influence  the  armour-piercing  effect, 
just  like  kinetic  energy  that  pills  attack  the  target,  the  structure  of  warhead,  the  attack  angle, 
mechanical  property  and  thickness  of  target,  and  so  on.  Intruding  depth  can  be  calculated  by 
using  the  following  formula. 
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aDl 


(9) 


where  T  is  intruding  depth(m),  D  is  diameter  of  pill(m),  W  is  quality  of  pill(kg),  is 

attacking  velocity(m/s),  0is  attacking  angle(rad),  /? is  constant,  according  to  experience, 

lg.a=6A5J=l.43. 

3.  EQUIVALENT  TARGETS 

Equivalent  target,  which  is  to  say  that,  for  specific  direction  and  position,  the  basic 
element  of  random  shape  and  material  fight  equipment  can  be,  described  a  target  that  has 
certain  thickness  and  material  to  simulate  and  analyse  damage  expediently.  The  thickness  of 
equivalent  target  is  corresponding  with  thickness  of  basic  element  of  equipment  in  given 
position  and  direction.  If  the  thickness  of  basic  element  of  equipment  in  given  position,  and 
direction  hi  can  be  given  by  radial  analysis  program,  the  thickness  of  equivalent  target  can  be 
expressed  approximately  as  following, 


(10) 


Where  hi  is  thickness  of  basic  element  of  equipment  in  certain  position  and  direction 
(m),  <j{  is  utmost  intensity  of  basic  element  material  (Pa),  ad  is  utmost  intensity  of 
equivalent  target  (Pa). 


4.  SIMULATION  MODELS 


With  respect  to  limited  capacity  possibilities  there  were  successfully  tested  on  the  whole 
only  4  testing  sets  -  two  were  with  continuous  sensor  enclosed  to  outer  circumference,  two 
were  with  sensor  on  inner  circumference. 

The  non-linear  dynamic  finite  element  program  LS-DYNA  offers  the  strong  tool  to 
analyse  the  intruding  process  of  the  bombs.  In  order  to  study  the  capability  that  fight 
equipment  resists  damage  caused  by  armour-piercing  bomb,  using  the  non-linear  dynamic 
finite  element  program  LS-DYNA,  a  certain  armour-piercing  bomb,  30  mmxl70  mm,  is 
selected  as  attacking  weapon.  The  armour-piercing  effect  of  a  certain  armour-piercing  bomb 
to  attack  the  aluminium  target  has  simulated. 


H 


Fig.  1.  Operating  model  one  Fig.  2.  Operating  model  two 
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In  order  to  predigest  the  calculations,  the  pill  body  is  thought  as  a  plasmodium  equably, 
the  average  density  of  pill  body  can  be  gained  through  total  quality  dividing  total  volume; 
the  material  parameter  can  refer  the  material  of  general  steel f8' . 

There  are  two  kinds  of  operating  mode  that  is  calculated  in  this  paper.  One  is  that,  the 
bomb  intrude  aluminium  target  vertically  which  the  thickness  is  4  mm,  the  other  is  that,  the 
bomb  intrude  aluminium  targets  vertically  which  includes  single  aluminium  target  and  T 
type  carriage  that  thickness  are  6  mm  and  120  mm  x  50  mm  x  6.5  mm.  The  initial  velocity  is 
1080  m/s.  Two  kinds  of  operating  mode  are  shown  as  Fig.l  and  Fig.2. 

5.  CALCULATION  RESULTS  AND  ANALYSIS 

Combination  of  time  and  continuous  method  of  measurement  of  the  detonation  velocity 
at  realised  experiments  provided  many  interesting  and  very  useful  information.  The  tests 
documented  and  explained  several  basic  aspects  of  functioning  of  the  FLC.  But  acquired 
results  at  the  same  time  evoked  a  need  at  least  to  possible  causes  of  some  surprising 
discoveries. 

5.1  Calculation  results 

According  to  the  mentioned  above,  using  the  empirical  formula  and  the  finite  element 
calculating  method,  the  intruding  effect  of  the  armour-piercing  bomb  can  be  calculated.  The 
armour-piercing  effect  of  30  mm  x  170  mm  armour-piercing  bomb  to  attack  the  aluminium 
targets  in  operating  model  two  has  simulated  as  Fig. 3. 


default_Deformation : 
Max  0.  @Nd  11 


Fig.  3.  The  armour-piercing  effect  of  operating  model  two 


5.2  Analysis  of  results 

(1)  For  model  one,  the  velocity- times  curve  is  shown  as  Fig.4.  There  is  hardly  any 
baffle  effect,  for  aluminium  target  that  the  thickness  is  4  mm  to  pill  that  the 
diameter  is  30  mm,  and  there  is  no  obvious  plastic  deformation  when  the  pill 
intrude  the  aluminium  target.  The  crevasse  of  target  is  bigger  than  diameter  of 
pill.  The  velocity  curve  of  pill  shows  that  a  certain  range  of  wave  is  caused  by 
numerical  value  surge  and  distortion  surge  of  intruding  process. 

(2)  For  model  two,  the  velocity- times  curve  is  shown  as  Fig.  5.  When  the  bomb 
intrudes  aluminum  targets  vertically  and  constantly,  it  includes  single  aluminum 
target  and  T  types  carriage  that  thickness  are  6  mm  and  120  mm  x  50  mm  x 
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6.5  mm.  The  results  show  that  armor-piercing  bomb  can  pierce  the  assembled 
aluminum  component,  and  the  obvious  plasticity  distortion  can  be  seen  from  the 
body.  It  can  be  observed  that  the  intruding  process  is  divided  into  two  parts  and 
the  residual  velocity  of  fragments  is  980  m/s  from  the  velocity- times  curve  in 
operating  mode  two. 


Projectile's  Node  Velocity/Times  Curve 


Velocity  (mm/ms) 


Times  (ms) 


Fig.  4.  Velocity-times  curve 
in  operating  mode  one 


Projectile's  Node  Velocity/Times  Curve 

Velocity  (mm/ms) 


Times  (ms) 


Fig.  5.  Velocity-times  curve 
in  operating  mode  two 


6.  CONCLUSION 

In  this  paper,  the  subject  is  concerned  chiefly  with  the  study  of  the  armour-piercing 
effect  of  the  armour-piercing  bomb.  Based  on  the  hypothesis  about  building  the  after-effect 
fraction  field,  the  finite  element  calculations  of  armour-piercing  effect  of  a  certain  armour- 
piercing  bomb  are  completed.  The  results  demonstrate  that  the  finite  element  analyses  model 
presented  here  is  much  more  reliable  and  feasible.  It  is  more  important  to  research  the 
armour-piercing  effect  of  armour-piercing  bombs;  we  can  get  more  accurate  simulating 
results  that  fragments  attack  to  the  equipment.  It  has  great  significance  to  improving  the 
survivability  for  army  equipment  in  wartime. 


378 


REFERENCES 


[1]  LlSA  K.  Roach:  A  Methodology  For  Battle  Damage  Repair  ( BDR )  Analysis,  U.S.  Army 
Research  Laboratory,  ADA276083,  1994 

[2]  William  R.Day,  Phillip  A.  Rimble:  Compilation  of  Surface  Target  Vulnerability 
and  Effectiveness  Methodologies.  Dooz,  Allen  and  Hamilton,  Inc.  ADA921078.  1994.05. 

[3]  Li  Teipeng:  The  Distributing  of  the  Fragmental  Initial  Velocity  and  Number  of  Interspecies. 
China:  Huadong  Institute  of  Technology,  5-21,  1988 

[4]  CAI  SHOUJUN:  The  Distributing  of  Fragmental  Quality  and  Shape  of  Warhead.  China: 
Huadong  Institute  of  Technology,  4-22,  1988 

[5]  Zhou  Renbin,  Pu  Jinyun  and  Chen  Yingchun:  Intruding  Damage  Simulation  of  Fragments 
to  Ships,  In:  Huang  Ping,  Wang  Yajun,  Li  Shengcai,  and  Qian  Xinming  Eds.  Progress  in  safety 
science  and  technology  (vol.  )  Beijing,  Science  Press.  869-874,  2002 

[6]  Zhang  Tingliang  and  Chen  Lixin:  Operation  Research  of  Surface-to-Surface  TBM.  Beijing: 
Press  of  the  People’s  Liberation  Army  of  China,  160-166,  1997 

[7]  Zhang  Tingliang  and  Chen  Lixin:  Effectiveness  Analysis  of  Surface-to-Surface  TBM. 
Beijing:  National  Defense  Industry  Press,  180-183,  2001 

[8]  Zhu  Xi,  Jin  TAO  AND  Mei  Zhiyuan:  The  Researches  on  Capacity  of  Dandification  Resistance 
of  one  certain  Missile  Craft’s  Structure.  Wuhan:  Naval  University  of  Engineering,  5~1 1,2002 


379 


EFFECT  OF  TNT  CHARGES  ORIENTATION 
ON  GENERATED  AIR  BLAST  WAVES 


NUMERICAL  SIMULATION  USING  LS-DYNA 

V.  Adamik*,  J.  Vagenknecht**,  P.  Vavra**  and  W.A.  Trzcinski*** 

*  External  Consultant  of  the  DTTX  on  Continuum  Dynamics 

**  Department  of  Theory  and  Technology  of  Explosives 
University  of  Pardubice,  532  10  Pardubice,  Czech  Republic 

***  Military  University  of  Technology,  Kaliskiego  2,  00  980  Warsaw,  Poland 


Abstract 

The  paper  deals  with  numerical  3D  simulation,  through  the  code  LS-DYNA,  of  the 
effects  caused  by  air  blast  waves  generated  by  cylindrical  TNT  charges  (the  mass  of  25g 
and  50g)  which  are  differently  oriented  respect  to  the  pressure  gauges  placed  relatively 
close  to  the  charges  (approximately  800  mm  and  840  mm  from  the  charges).  As  the  first 
step  for  these  simulations,  the  numerical  study  has  been  concentrated  on  the  verification 
of  the  state  equations  for  TNT  and  air  continuum.  It  has  been  concluded  that  the  JWL 
equation  of  state  and  ideal  gas  equation  of  state  were  proper  representations  for  TNT 
and  air  respectively.  Then,  simple  formulae  for  various  oriented  charges  have  been 
developed  and  verified.  These  formulae  make  possible  to  represent  the  original 
cylindrical  charges  like  equivalent  3D  ellipsoids  (this  approach  is  very  important  in 
order  to  obtain  stable  computational  mesh).  The  final  numerical  simulations  have  been 
compared  with  the  original  experiments  performed  at  Military  University  of  Technology 
in  Warsaw.  On  the  base  of  this  comparison,  it  has  been  concluded  that  the  3D  numerical 
simulations  using  LS-DYNA  have  been  a  very  powerful  and  useful  tools. 

Keywords:  detonation  effect,  TNT,  orientation  of  the  charge,  pressure, 

air  shockwave,  numerical  simulation,  FEM,  LS-DYNA 


1.  INTRODUCTION 

The  blast  (shock)  air  wave  patterns  from  the  explosion  of  cylindrical  charges  are  very 
complex  so  that  the  accurate  assessment  of  the  blast  wave  parameters  (positive  peak 
overpressure,  duration,  and  the  positive  impulse)  is  not  a  simple  task.  The  problem  of 
experimental  determination  of  blast  wave  parameters  for  the  nonspherical  charges  was 
considered  for  example  in  papers  f6"8'.  The  process  of  expansion  of  detonation  products  of 
nonspherical  sources  was  analysed  theoretically  in  works  f9"101. 

This  paper  is  devoted  to  the  problem  of  3D  numerical  simulations  of  the  effects  caused 
by  air  blast  waves  generated  by  cylindrical  TNT  charges  (the  mass  of  25g  and  50g)  which 
are  differently  oriented  respect  to  the  pressure  gauges  placed  relatively  close  to  the  charges 
(approximately  800  mm  and  840  mm  from  the  charges). 

For  the  numerical  simulations,  the  3D  dynamic  explicit  Lagrangian  finite  element  code 
LS-DYNA  [1]  has  been  used. 

As  the  first  step  for  these  simulations,  the  numerical  study  has  been  concentrated  on  the 
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verification  of  the  state  equations  for  TNT  and  air  continuum.  It  has  been  concluded  that  the 
JWL  equation  of  state  (EOS)  and  ideal  gas  equation  of  state  were  proper  equations  for  TNT 
and  air  respectively. 

Then,  simple  formulae  for  various  oriented  charges  have  been  developed  and  verified. 
These  formulae  make  possible  to  represent  the  original  cylindrical  charges  like  equivalent 
3D  ellipsoids  (this  approach  is  very  important  in  order  to  obtain  stable  computational  mesh). 

The  final  numerical  simulations  performed  have  been  compared  with  the  original 
experiments  performed  at  Military  University  of  Technology  in  Warsaw  ,4'.  On  the  base  of 
this  comparison,  it  has  been  concluded  that  the  3D  numerical  simulations  using  LS-DYNA 
have  been  very  powerful  and  useful  tools. 

In  conclusion,  the  results  obtained  are  summarized  and  further  possible  research  effort  is 
outlined. 

2.  NUMERICAL  3D  SIMULATIONS 
2.1  Computational  codes 

In  this  time,  several  computational  3D  codes  based  on  finite  element  (e.g.  LS-DYNA, 
ABAQUS)  or  finite  difference  (e.g.  AUTODYN)  techniques  are  available  to  simulate  fast 
continuum  dynamics.  These  codes  can  be  principally  divided  into  two  categories: 
Lagrangian  or  Eulerian  codes.  Advantages  and  disadvantages  of  the  codes  are  briefly 
summarized  below: 

•  Eulerian  codes  are  using  the  computational  mesh  that  is  fixed  in  the  space,  it  is 
connected  with  an  external  observer.  The  mesh  is  not  deforming,  it  remains  the  same 
in  time.  Continuum  is  flowing  across  the  mesh  and  therefore  it  is  necessary  to 
evaluate  transport  terms  of  the  mass,  energy,  and  momentum  each  computational 
step.  These  transport  terms  usually  introduce  into  the  solution  errors  that  are 
increasing  in  time.  Great  problems  are  connected  also  with  the  description  of 
continuum  boundary  motion  (e.g.  boundary  charge-air).  The  advantage  is 
nondeformable  mesh,  the  disadvantages  are  very  complex  algorithms  for  transport 
terms  and  boundary  motion. 

•  Lagrangian  codes  are  using  the  computational  mesh  that  is  connected  with  the 
continuum.  Thus,  it  deforms  in  time  following  the  continuum  deformation.  No 
transport  terms  are  needed,  the  continuum  boundary  is  moving  regularly  following 
the  continuum  dynamics.  Great  disadvantage  is  the  fact  that  the  mesh  is  deforming 
and  its  capability  deteriorates  in  time  in  correct  description  of  the  dynamics  involved. 
The  solution  can  be  so  called  rezoning  technique  but  this  technique  introduces  new 
more  regular  mesh  at  certain  times  and  therefore  it  introduces  into  the  solution 
similar  errors  like  transport  terms  above.  The  best  solution  is  to  choose  an  initial 
mesh  that  does  not  require  later  rezonings.  However,  this  task  is  very  individual 
(problem  dependent)  and  very  difficult  to  solve. 

•  Other  important  requirement  on  the  simulations  is  a  proper  description  of  continuum 
dynamic  behaviour.  For  this  purpose,  most  of  the  3D  codes  have  quite  large 
possibilities  (various  equation  of  state  -  EOS)  and  there  is  not  a  great  problem  to 
describe  dynamic  behaviour  of  various  continua. 

The  approach  used  in  this  paper  was  determined  by  the  fact  that  the  authors  had  for  the 
simulations  available  the  Lagrangian  3D  LS-DYNA  code  without  rezoning  technique. 
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Thus,  the  scope  of  initial  effort  was  orientated  to  the  problem  to  find  and  verify 
corresponding  EOS  for  TNT  and  air,  and  to  find  proper  initial  mesh  that  does  not  need  mesh 
rezoning. 

2.2  Equations  of  state 

On  the  boundary  charge-air,  a  dramatic  pressure  decrease  occurs.  The  initial  velocity  of 
the  boundary  and  initial  air  pressure  are  according  [2]  (for  spherical  TNT  charge  and 
immediate  detonation):  air  blast  wave  pressure  28.5  MPa,  air  blast  wave  velocity  4400  m/s. 
From  the  value  of  the  wave  pressure  it  is  evident  that  for  the  air  dynamics,  EOS  for  the  ideal 
gas  is  appropriate,  i.e.  (1): 


P=(k-1)-p/p0-E 


(1) 


where  p  is  the  pressure,  k  is  isoentropic  coefficient  (k  =  1.4),  p  is  density 
(po  =  1.225  kg/m3),  E  is  internal  energy  (  Eo  =  250  kPa). 

For  description  of  charge  gas  products  dynamics,  there  is  the  JWL  (Jones-Wilkins-Lee) 
EOS  available  in  LS-DYNA.  Sometime,  there  are  objections  respect  to  this  EOS,  see  e.g.  [5], 
in  spite  of  it  the  JWL  EOS  is  broadly  used  and  it  was  used  also  in  this  study. 

General  form  of  the  JWL  EOS  is  as  follows  (2): 

l-f---f he  1/7  +  R-(l-f---f)-e  2p  +co-E-—  (2) 

Rl  Po  /  V  ^2  Po  /  Po  V  ' 


For  TNT,  the  following  parameters  are  valid  f3': 
po  =  1590  kg/m3,  A  =  371.20  GPa,  B  =  3.231  GPa, 

Ri=  4.15,  R2=  0.95,  to  =  0.30,  E0=  7.0  GPa, 

detonation  velocity  -  D  =  6930  m/s,  Chapman- Jouguet  pressure  -  Pcj=  21.0  GPa 

For  the  validation  of  the  EOS  described  above,  a  numerical  3D  simulation  was 
performed  for  the  explosion  of  a  spherical  TNT  charge  with  the  mass  50g.  The  following 
maximum  values  were  obtained  at  the  charge-air  boundary:  air  blast  wave  pressure 
27.4  MPa,  air  blast  wave  velocity  4400  m/s.  From  these  values,  it  is  evident  that  the  EOS 
used  describe  properly  the  initial  boundary  dynamics. 


2.3  Numerical  3D  simulations 

For  the  validation  of  numerical  simulations  regarding  the  effects  of  air  blast  waves 
on  charge  surroundings,  original  experiments  performed  at  Military  University 
of  Technology  in  Warsaw  f41  have  been  used.  The  experiments  are  described  in  [4],  the 
experimental  geometry  is  introduced  in  fig.  1  and  2. 
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Perpendicular  charge  Parallel  charge 


riu  L 


Fuse 


Fuse 


Massive  plate  Massive  plate 

Fig  1.  Perpendicular  and  parallel  orientations  of  the  explosive  charges 


Fig  2.  The  experimental  set-up:  S  -steel  plate,  C-TNT  charge, 
I,  II  -  pressure  gauges  G1  and  G2 


For  the  simulations,  the  following  assumptions  have  been  applied: 

•  Only  one  quarter  of  the  system  have  been  modelled  due  to  the  symmetry  of  the 
problem,  this  assumption  is  not  exact  for  the  charges  with  the  parallel  axis  (see 
fig.l)  but  according  numerical  simulations  it  is  quite  good 

•  The  steel  plate  with  pressure  gauges  has  been  modelled  as  the  ideal  rigid  wall 
with  possible  air  sliding  without  the  friction,  numerical  simulations  confirm 
validity  of  this  assumption 

•  The  original  cylindrical  charges  have  been  substituted  by  equivalent  ellipsoids 
with  the  same  mass  (see  the  rules  for  ellipsoids  below)  and  immediate  detonation 
of  the  whole  charge  has  been  supposed  (the  validity  of  this  assumption  were 
confirmed  by  variant  calculations) 
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Initial  numerical  simulations  with  the  real  cylindrical  charges  have  shown  that  numerical 
meshes,  created  by  standard  finite  element  technique,  very  fast  degraded  (even  if  the  charge 
edge  was  modified)  especially  near  boundary  charge-air,  see  fig. 3  and  4  as  an  example. 
Unrealistic  charge  expansion  is  evident  and  the  mesh  is  not  regular  near  boundary  charge-air. 


50g  TNT 


50g  TNT 

Time  =  0.049996 


V 


z 


Fig  3.  Traditional  initial  computational  mesh  Fig  4.  The  mesh  from  Fig.3  at  time  0.05  ms, 
for  the  charge  50g  TNT  note  general  form  and  irregularity 

at  boundary 


After  a  lot  of  numerical  simulations,  it  was  found  that  the  current  best  solution  was 
to  model  real  cylindrical  charges  like  equivalent  ellipsoids  with  the  mesh  pattern  shown 
in  fig. 5.  This  approach  eliminated  the  charge  edges  and  the  mesh  remained  very  regular 
during  the  time,  see  fig. 6. 


50g  TNT 
Time  = 


xt* 


50g  TNT 

Time  =  0.12376 


Fig  5.  Initial  computational  mesh 

for  equivalent  ellipsoid,  50g  TNT 


Fig  6.  Computational  mesh  from  Fig. 5 

at  time  0. 124  ms,  note  general  form 
and  regularity  at  boundary 
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For  this  approach,  it  was  necessary  to  define  the  rules  for  equivalent  ellipsoids 
construction.  The  following  rules  were  derived  and  verified: 

•  For  perpendicular  charges,  the  ratio  of  ellipsoid  axes  is  K1  =  H  /  R*  where  H 
and  R  are  fictious  charge  height  and  radius.  The  fictious  charge  dimensions 
must  be  calculated  at  time  when  the  detonation  wave  reaches  the  charge  edge.  At 
this  time  initial  charge  height  H  and  radius  R  will  be  greater  and  depends  on 
charge-boundary  velocity.  In  our  cases  we  have  supposed  the  velocity  4400  m/s. 

•  For  parallel  charges  a  simple  ratio  was  supposed  K2  =  4R/H. 


By  means  of  these  rules,  the  ratios  for  various  charges  were  derived,  see  the  summary 
in  Tab.l,  for  all  charges  referred  in  [4]. 

Table  1.  Dimensions  of  the  charges  and  ratios  for  equivalent  ellipsoids 


M 

R 

H 

K1 

K2 

[g] 

[mm] 

[mm] 

10 

10 

23.2 

1.24 

1.72 

25 

15 

22.2 

1.12 

2.70 

50 

20 

25.0 

1.07 

3.20 

75 

20 

37.3 

1.18 

2.14 

Then  finite  elements  models  for  the  charges  of  25g  and  50  have  been  constructed,  see  as 
an  example  fig. 7.  For  the  models,  a  very  important  construction  regarding  the 
surrounding  air  has  been  applied.  Usually,  the  mesh  of  the  charge  and  of  the  contact  air 
zone  deteriate  in  time  even  if  the  air  blast  wave  is  far  enough  from  the  expanding  charge. 
This  creates  very  serious  numerical  problems  in  zones  which  are  not  of  great  interest  now. 
The  solution  adapted  was  simple  one.  The  surrounding  air  zone  was  divided  into  two  zones: 
first  one  was  the  zone  of  contact  air  and  the  second  one  was  the  air  zone  outside.  This  makes 
possible  to  perform  the  numerical  solution  in  two  phases:  initial  phase  with  the  explosion, 
generation  and  propagation  of  air  blast  waves  up  to  the  time  when  air  waves  are  quite  far 
from  the  charge,  the  second  phase  when  the  charge  and  the  contact  air  zone  are  deleted  and 
the  computation  continues  only  with  the  dynamics  of  the  air  zone  outside. 


50g  TNT 
Time  =  0 


Fig  7.  Exploded  view  of  the 
computational  model 

red  -  charge, 
blue  -  contact  air, 
green  -  air  below  the  plate 
yellow  -  air  above  the  plate 
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The  finite  element  models  for  individual  charges  were  identical: 

•  Total  number  of  elements  49  250, 

•  Total  number  of  nodes  55  641, 

•  Total  number  of  boundary  conditions  11  131, 

•  Total  number  of  charge  elements  750, 

•  For  all  elements,  8 -node  brick  element  with  one-point  integration  was  used,  the 
elastic  hourglass  control  was  applied 

•  The  steel  and  massive  plates  were  modelled  as  rigid  walls  with  fluids  sliding 
without  friction 

2.4  Numerical  results 

The  numerical  results  obtained  for  the  charges  of  25g  and  50g  are  presented  briefly 
below.  These  results  are  compared  with  the  experimental  results  obtained  in  [4].  In  fig.  8  and 
9,  the  results  for  25g  TNT  are  presented.  In  fig.  10  and  11,  the  results  for  50g  TNT  are 
summarized. 

25g  TNT  charges 

In  fig. 8,  a  comparison  of  numerical  and  experimental  overpressure  histories  for  the 
gauge  G1  is  introduced.  In  fig.  9,  a  comparison  of  numerical  and  experimental  overpressure 
histories  for  the  gauge  G2  is  presented. 

From  the  figures,  it  follows  that  a  good  agreement  has  been  obtained  for  the  gauge  G2. 
As  for  the  gauge  Gl,  a  great  discrepancy  exists  in  time  history,  the  maximum  overpressure 
values  are  in  a  good  agreement. 


Fig  8.  Experimental  and  calculated  overpressure  history  for  charge  25g  TNT  and 
gauge  Gl,  stoj.  -  perpendicular  charge,  lez.  -  parallel  charge 
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Fig  9.  Experimental  and  calculated  overpressure  history  for  charge  25g  TNT  and 
gauge  G2,  stoj.  -  perpendicular  charge,  lez.  -  parallel  charge 

2.5  50g  TNT  charges 

In  fig.  10,  a  comparison  of  numerical  and  experimental  overpressure  histories  for  the 
gauge  G1  is  introduced.  In  fig.  11  a  comparison  of  numerical  and  experimental  overpressure 
histories  for  the  gauge  G2  is  presented. 


time  [ms| 

Fig  10.  Experimental  and  calculated  overpressure  history  for  charge  50g  TNT  and 
gauge  Gl,  stoj.  -  perpendicular  charge,  lez.  -  parallel  charge 
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Fig  11.  Experimental  and  calculated  overpressure  history  for  charge  50g  TNT  and 
gauge  Gl,  stoj.  -  perpendicular  charge,  lez.  -  parallel  charge 

From  the  figures,  it  follows  that  a  good  agreement  has  been  obtained  for  the  gauge  G2. 
As  for  the  gauge  Gl,  a  great  discrepancy  exists  in  time  history,  the  maximum  overpressure 
values  are  in  a  good  agreement. 

The  author  of  the  experiments  [4]  have  mentioned  that  the  function  of  piezoelectric 
gauges  PCB  Piezotronics,  Inc.  was  influenced  by  their  “nest  fixation”  within  the  steel  plate. 
From  the  comparison  above,  the  authors  of  the  paper  presented  may  judge  that  the  gauges 
function  was  not  reliable  sometime.  The  greatest  discrepancies  regard  the  gauge  Gl  for 
parallel  charge  50g  TNT  and  the  gauge  Gl  for  perpendicular  charge  25g  TNT.  In  spite  of 
these  facts,  it  is  possible  to  conclude  that  numerical  3D  simulations  performed  were  very 
useful  and  effective.  In  any  case,  the  simulations  presented  confirm  that  the  blast  waves 
generated  by  differently  oriented  cylindrical  TNT  charges  depends  strongly  on  charges 
orientation  and  the  numerical  results  for  pressure  waves  correlate  well  with  observations 
obtained  through  the  experiments. 

3.  CONCLUSION 

The  paper  deals  with  numerical  3D  simulation,  through  the  code  FS-DYNA,  of  the 
effects  caused  by  air  blast  waves  generated  by  cylindrical  TNT  charges  (the  mass  of  25g  and 
50g)  which  are  differently  oriented  respect  to  the  pressure  gauges  placed  relatively  close  to 
the  charges  (approximately  800  mm  and  840  mm  from  the  charges). 

Application  of  the  3D  dynamic  Fagrangian  explicit  finite  element  code  FS-DYNA  has 
demonstrated  possibilities  existing  in  the  field  of  interest. 

The  simulations  have  been  compared  with  the  original  experiments  performed  at 
Military  University  of  Technology  in  Warsaw.  On  the  base  of  this  comparison,  it  has  been 
concluded  that  the  3D  numerical  simulations  using  FS-DYNA  have  been  a  very  powerful 
and  useful  tools. 


388 


From  the  simulation  presented  it  follows: 

•  the  simulations  confirm  that  the  blast  waves  generated  by  differently  oriented 
cylindrical  TNT  charges  depends  strongly  on  charges  orientation  which  was 
observed  through  the  experiments 

•  the  simulations  confirm  that  for  the  description  of  TNT  and  air  dynamics  the 
JWL  and  ideal  gas  EOS  are  faithful ,  respectively 

•  3D  numerical  simulations  of  TNT  cylindrical  charges  explosion  can  be  very  well 
substituted  by  the  explosion  of  equivalent  rotating  ellipsoids  charges 

•  simple  rules  for  equivalent  ellipsoids  were  derived  and  numerically  verified 

•  for  the  numerical  simulations,  the  characteristic  element  length  should  be:  for  the 
air  around  10  mm,  for  the  explosive  around  1-2  mm 


Further  research  in  the  field  may  be  as  follows: 

•  determination  of  optimal  computational  mesh  for  real  cylindrical  charges  without 
their  representation  through  equivalent  ellipsoids 

•  numerical  simulations  of  various  charge  orientation  with  the  task  to  identify 
physical  explanation  of  observed  different  effects  on  generated  air  blast  waves 
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Abstract: 

The  paper  is  devoted  to  calculations  of  the  consequences  relating  to  accidental  vapour 
cloud  explosions.  For  this  purpose,  a  general  methodology  has  been  developed  and 
applied.  The  methodology  consists  of  two  steps:  the  first  one  deals  with  blast  wave 
characterization  -  Multi-Energy  method  has  been  used,  the  second  one  deals  with  the 
propagation  of  the  generated  blast  wave  in  surrounding  air  and  wave-building 
interaction  -  the  LS-DYNA  code  has  been  applied.  The  methodology  has  been  applied  to 
a  case  of  unconfined  non-obstructed  hydrogen  cloud  explosion  in  site.  An  example  of  the 
application  is  presented  in  the  paper.  The  methodology  presented  can  be  used  both  to 
determine  the  consequences  of  an  accidental  vapour  cloud  explosions  for  risk  analysis 
purpose  and  at  the  same  time  also  as  an  optimalization  design  tool  which  enables  to 
minimize  consequences  of  possible  explosions  taking  into  account  various  plant  lay¬ 
outs. 

Keywords:  LS-Dyna,  gas  explosion,  consequence  analysis,  Multi-Energy 


1.  INTRODUCTION 

When  a  cloud  of  flammable  vapour  bums,  the  combustion  may  give  rise  to  an 
overpressure  or  it  may  not.  If  there  is  no  overpressure,  the  event  is  a  vapour  cloud  fire,  or 
flash  fire,  and  if  there  is  overpressure,  it  is  a  vapour  cloud  explosion.  A  vapour  cloud 
explosion  is  one  of  the  most  serious  hazards  in  the  process  industries.  Vapour  cloud 
explosions  do  occasionally  occur  and  they  tend  to  be  very  destructive. 

In  1974  Flixborough  [11  in  the  UK  a  large  escape  of  cyclohexane  from  a  temporary  pipe 
on  a  train  of  reactors  gave  rise  to  a  vapour  cloud,  which  exploded  with  a  TNT  equivalent  of 
some  16  t.  The  explosion  demolished  much  of  the  works  and  killed  28  people,  and  fire 
burned  for  over  a  week.  This  incident  was  particularly  influential  in  the  development  of 
major  hazard  controls  in  the  UK  and  the  European  Community. 

It  is  well  known  that  it  is  more  effective  to  prevent  the  accident  than  mitigate  its 
consequences.  However,  it  is  possible  to  locate  and  lay  out  a  plant  so  that  injuries  and 
damage  are  minimised  if  an  explosion  occurs.  Strengthening  of  important  building  in  the 
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process  plant  is  another  way  how  to  protect  the  people  and  technology.  It  is  always  necessary 
to  know  the  size  of  the  blast  load  and  its  interaction  with  the  building. 

This  paper  presents  a  methodology  of  the  blast  load  calculation  during  vapour  cloud 
explosion.  Two  particular  methods  are  used  for  calculation.  The  amplitude  of  blast  wave  is 
calculated  using  the  Multi-Energy  method  ,2’  3’  4’  51  and  the  wave  propagation  and  the 
interaction  of  the  blast  wave  with  objects  is  assessed  by  LS-DYNA  code.  Short  description 
of  both  methods  is  presented  in  the  following  paragraphs.  An  example  of  the  application  of 
the  presented  methodology  is  described  in  the  second  part  of  this  paper. 

2.  MULTI-ENERGY  METHOD  -  THE  FIRST  METHODOLOGY  STEP 

Experimental  research  during  the  last  decade  showed  clearly  that  deflagrative 
combustion  generates  blast  only  in  those  parts  of  quiescent  vapour  cloud,  which  are 
sufficiently  obstructed  and/or  partly  confined  f2,  3|.  The  conclusion  that  a  partially  confined 
and/or  obstructed  environment  offers  appropriate  conditions  for  deflagrative  explosive 
combustion  has  found  general  acceptance  today.  However,  other  parts  of  the  cloud  -  parts, 
which  are  already  in  turbulent  motion  at  the  moment  of  ignition  -  may  develop  explosive, 
blast  generating  combustion  as  well.  The  remaining  parts  of  the  flammable  vapour-air 
mixture  in  the  cloud  bum  out  slowly,  without  significant  contribution  to  the  blast. 

Contradictory  to  conventional  modelling  methods  in  which  a  vapour  cloud  explosion  is 
regarded  as  an  entity,  in  Multi-Energy  concept  a  vapour  cloud  explosion  is  rather  defined  as 
a  number  of  sub-explosions  corresponding  to  the  various  sources  of  blast  in  the  cloud.  This 
concept  is  illustrated  in  Fig  1. 


Generally,  blast  effects  from  vapour  cloud  explosions  are  directional.  Such  an  effect, 
however,  cannot  be  modelled  without  a  detailed  numerical  simulation  of  phenomena.  An 
easy-to-apply  method,  on  the  other  hand,  requires  a  simplified  approach  according  to  which 
blast  effects  are  represented  in  an  idealized,  symmetric  way.  An  idealised  gas  explosion  blast 
model  was  generated  by  computation  and  is  represented  in  Fig  2.  Steady  flame  speed  gas 
explosions  were  numerically  simulated  with  the  BLAST-code  f61. 
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Garnbusiion  energy-scaled  distance  (  ft) 


Fig  2.  Multi-Energy  blast  chart  [2] 


The  blast  charts  were  composed  for  vapour  cloud  explosions  having  a  combustion 
energy  Ev  of  3,5  MJ.m  which  is  the  combustion  energy  for  most  hydrocarbon  mixtures  at 
stoichiometric  concentration  with  air.  Only  the  most  significant  blast-wave  parameters  such 
as  the  side-on  peak  overpressure  ( A Ps )  and  positive  phase  duration  ( t* )  of  the  blast- wave  are 

represented  dependent  on  the  distance  to  the  blast  centre  for  a  hemi-spherical  fuel-air  charge 
radius  r0  on  the  earth’s  surface.  The  data  are  fully  nondimensionalised,  with  charge  energy 
(E)  end  parameters  characterising  the  state  of  the  ambient  atmosphere:  pressure  (Po)  and 
speed  of  sound  (co).  This  way  of  scaling  (Sachs  "scaling)  takes  into  account  the  influence  of 
atmospheric  conditions  and  the  blast  parameters  can  be  read  off  in  any  consistent  set  of  units. 

Initial  conditions  in  the  cloud,  which  are  obstacle  density,  parallel  plane  confinement 
and  ignition  strength,  are  represented  by  initial  blast  strength.  This  initial  blast  strength  is 
indicated  by  a  number  ranging  from  1,  for  very  low,  up  to  10,  for  detonative  strength.  The 
initial  blast  strength  number  is  indicated  in  the  charts  at  the  location  of  the  of  the  charge 
radius. 

In  addition,  Fig  2  gives  a  rough  indication  of  the  blast  wave  shape,  which  corresponds  to 
the  characteristic  behaviour  of  a  gas  explosion  blast.  Pressure  waves,  produced  by  fuel-air 
charges  of  low  strength,  show  acoustic  overpressure  decay  behaviour  and  constant  positive 
phase  duration.  On  the  other  hand,  shock  waves  in  the  vicinity  of  a  charge  of  high  initial 
strength  exhibit  more  rapid  overpressure  decay  and  a  substantial  increase  in  positive  phase 
duration.  Eventually,  the  high  strength  blast  develops  a  behaviour  approximating  acoustic 
decay  in  the  far  field.  Another  significant  feature  is  that,  at  a  distance  larger  than  about  10 
charge  radii  from  the  centre,  a  fuel-air  charge  blast  is  more  or  less  independent  of  initial 
strength  for  values  of  6  (strong  deflagration)  and  above. 

Categorization  of  the  initial  blast  strength  is  expressed  in  a  matrix  in  Table  1,  which 
gives  the  Multi-Energy  method  strength  class  numbers  corresponding  to  the  various 
combinations  of  the  boundary  and  initial  conditions. 
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Table  1.  Initial  blast  strength  index 


Blast 

strength 

category 

Ignition  energy 

Obstruction 

Parallel  plane 
confinement 

Multi-Energy 

unconfmed 

Class 

Low 

High 

High 

Low 

No 

(L) 

(H) 

(H) 

(L) 

(N) 

(C) 

(U) 

1 

H 

H 

c 

7-10 

2 

H 

H 

u 

7-10 

3 

L 

H 

c 

5-7 

4 

H 

L 

c 

5-7 

5 

H 

L 

u 

4-6 

6 

H 

N 

c 

4-6 

7 

L 

H 

u 

4-5 

8 

H 

N 

c 

4-5 

9 

L 

L 

c 

3-5 

10 

L 

L 

u 

2-3 

11 

L 

N 

c 

1-2 

12 

L 

N 

u 

1 

In  the  application  of  the  Multi-Energy  concept,  a  particular  vapour  cloud  explosion 
hazard  is  not  determined  primarily  by  the  fuel-air  mixture  itself  but  rather  by  the 
environment  into  which  it  disperses.  The  environment  constitutes  the  boundary  conditions 
for  the  combustion  process.  If  a  release  of  fuel  is  anticipated  somewhere,  the  explosion 
hazard  assessment  can  be  limited  to  an  investigation  of  the  environment’s  potential  for 
generating  blast. 

The  Multi-Energy  method  was  incorporated  into  some  software  codes,  e.g.  Breeze  Haz 
Professional  (Trinity  Consultants,  USA)  f?l. 

3.  LS-DYNA  -  THE  SECOND  METHODOLOGY  STEP 

LS-DYNA  is  the  explicit  dynamic  Lagrangian  finite  element  3D  code  f8'.  From  the 
Multi-Energy  method  described  above,  the  characteristics  of  the  generated  blast  wave  are 
known.  The  LS-DYNA  code  then  must  numerically  simulate  the  wave  propagation  within 
the  surrounding  air  continuum  and  at  the  same  time  has  to  evaluate  the  interaction  of  the 
wave  with  the  important  in-site  buildings. 

The  solution  of  these  problems  by  presented  methodology  is  as  follows. 

The  source  of  the  explosion  is  represented  by  the  pressure  source  surface  on  which  the 
time  history  of  the  pressure  wave  is  known  from  the  Multi-Energy  method.  On  this  surface, 
the  obtained  pressure  history  is  applied.  The  surrounding  air  is  represented  by  a  defined  air 
zone  within  that  the  important  buildings  must  be  modelled. 

The  defined  finite  air  zone  (usually  its  dimensions  are  of  about  hundreds  meters,  but  this 
is  problem  dependent)  is  divided  into  brick  finite  elements  -  8 -node  element  with  one-point 
integration.  The  in-site  buildings  are  usually  represented  by  the  building  walls  and  roofs.  The 
walls  and  roofs  are  modelled  like  rigid  shell  elements  on  which  the  surrounding  air  is  acting. 
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The  propagation,  reflection,  and  superpositions  of  the  pressure  waves  are  automatically 
computed  by  the  code.  For  high  pressure  (blast  or  shock  waves)  waves,  the  von  Neumann 
and  Richtmyer  pseudo  viscosities  are  applied.  For  low  pressure  waves  these 
pseudoviscosities  are  not  used  because  they  represent  system  additional  dissipation 
mechanism. 

The  interaction  among  the  pressure  waves  and  individual  buildings  is  solved  by  means 
of  the  contact  algorithm  No.  2  of  LS-DYNA.  The  main  results  of  the  analysis  are  total 
dynamic  forces  acting  on  building  walls  and  roofs.  These  time  histories  can  be  used 
consequently  for  evaluation  of  the  capability  of  the  individual  building  to  withstand  the  load. 
But  this  analysis  is  beyond  the  scope  of  this  paper. 

4.  EXAMPLE 

The  volume  and  the  location  of  the  flammable  vapour  cloud  must  be  known  or  assumed 
before  the  Multi-Energy  method  application.  Source  term  models  and  dispersion  models  may 
be  applied  for  this  purpose.  Furthermore,  the  lay  out,  or  at  least  a  rough  impression  of  the 
build-up  area  where  the  cloud  is  located,  must  be  available  in  order  to  determine  the 
location,  the  number  and  the  volume  of  the  obstructed  regions  within  the  cloud.  Then,  the 
blast  charts  belonging  to  the  Multi-Energy  method  can  be  applied  to  obtain  values  for  the 
most  important  blast  parameters.  These  parameters  are  used  as  an  input  into  the  LS-Dyna 
code. 

In  this  example  the  most  serious  case  is  supposed.  Therefore,  the  release  rate  and 
dispersion  of  the  cloud  is  not  calculated.  It  is  assumed  that  hydrogen  is  stored  in  the  50  m 
vertical  storage  tank  under  pressure  4,5  MPa  and  all  amount  of  hydrogen  is  immediately 
released  during  the  accident.  Concentration  profile  inside  the  cloud  is  neglected  and 
stoichiometric  mixture  is  assumed.  The  initial  conditions  are  summarized  in  Table  2. 

Table  2.  Initial  conditions 


Amount  of  H2  in  the  cloud  (Nm3) 

2250 

Weight  of  H2  (kg) 

189,2 

Volume  of  the  stoichiometric  mixture  hydrogen/air  (m3) 

7500 

Radius  of  the  spherical  hydrogen/air  cloud  (m) 

12,1 

Energetic  content  of  the  cloud  (MJ) 

2271,322 

The  initial  blast  strength  index  must  be  then  determined.  It  is  suitable  to  use  the  Table  1 
to  determined  initial  blast  strength  in  the  proposed  example.  It  is  supposed  that  ignition 
source  with  low  energy  ignites  the  cloud.  No  obstructions  and  no  parallel  plane  confinement 
are  presented  in  the  cloud. 

These  conditions  fulfill  the  blast  strength  category  1 1  according  to  the  Table  1  therefore 
initial  blast  strength  category  1  or  2  should  be  used.  Hydrogen  is  highly  reactive,  so  initial 
blast  strength  category  3  were  used  in  order  to  be  conservative. 
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Combustion  energy-scaled  distance  R  is  calculated  according  to  equation 


R  = 


R 

WEr 


(i) 


and  Dimensionless  positive  phase  duration  t+  is  calculated  according  to  equation 


t,  = 


Kc  o 


{El  Po) 


/  3 


(2) 


where  R  is  charge  radius,  E  is  amount  of  combustible  energy,  po  is  atmospheric  pressure 
and  Co  is  atmospheric  sound  speed  (~  340  m.s"1). 

Triangular  shape  is  supposed  because  the  blast  wave  could  be  characterized  as  pressure 
wave.  The  maximum  overpressure  is  reached  in  time  tmax,  which  is  half  of  the  Positive  phase 
duration. 

Results  of  the  calculations  are  written  in  Table  3. 


Table  3.  Multi-Energy  calculation  results,  Initial  blast  strength  3 


Object 

Distance 

At*  max 

Positive  phase  duration 

tmax 

(m) 

(kPa) 

(ms) 

(ms) 

DGS 

86 

2,5 

358 

179 

PE 

160 

1,3 

358 

179 

SHN 

165 

1,2 

358 

179 

BPP 

175 

1,2 

358 

179 

VK 

220 

0,9 

358 

179 

S 

246 

0,8 

358 

179 

These  data  were  input  into  the  LS-Dyna  calculations. 

5.  LS-DYNA  MODEL 

The  solution  of  this  example  has  been  performed  for  an  air  zone  with  dimensions 
350  x  400  x  200  m.  Five  buildings  were  placed  into  the  zone:  DGS,  BPP,  HVB,  PE,  S,  see 
Fig  3. 

The  pressure  blast  source  was  supposed  to  have  semispherical  surface  for  this  example. 
From  this  surface  the  blast  waves  is  propagating  into  the  surrounding  air.  The  time  history  of 
the  blast  wave  has  a  triangular  shape,  and  it  was  derived  by  the  approach  above. 

For  the  air  dynamics  the  following  state  equation  was  used: 

P  =  (k-\)pE  (3) 

where: 

p  is  pressure  (initial  value  po  =  1,0  x  10  Pa),  p  is  air  density  ( po  =  1,225  kg/m  ),  E  is 
internal  energy  (Eq  =  2,5  x  105  J/kg)  and  k=  1,4. 
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Note:  The  simulations  were  performed  in  SI  system  units. 


VODMK  AREALKONECNE  RESENI 
Time  =  0 


XjL-X 

Fig  3.  Buildings  DGS  with  walls  S2  and  S3,  roof  SI 


The  parameters  of  the  computational  model  were: 
Total  number  of  nodes:  381437 
Total  number  of  brick  elements:  362155 
Total  numbers  of  shell  elements:  50 


Fig  4.  Pressure  wave  at  0,2  s 
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Fig  3  illustrates  the  computational  zone  with  the  in-site  buildings.  In  Fig  4-8  the 
propagation  of  the  pressure  wave  within  the  system  is  presented  at  times  0,2,  0,5,  0,8,  1,1, 
1,5  s. 


Fig  6.  Pressure  wave  at  0,8  s 
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Fig  7.  Pressure  wave  at  1,1  s 
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Fig  8.  Pressure  wave  at  1,5  s 


As  an  example,  the  building  DGS  is  characterized,  see  Fig  3,  by  dimensions  below.  The 
object  was  modeled  like  a  hexahedron  with  the  walls  and  roof: 

roof  SI:  90  x  24,0  m,  area  A  =  2160  m2 

wall  S2:  24  x  12,3  m,  area  A  =  295.2  m2 

wall  S3:  90  x  12,3  m,  area  A  =  1 107  m2 
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In  Fig  9,  time  history  of  the  load  function  is  presented  for  walls  and  roof,  the 
corresponding  maximum  values  are  Fmax=  2,5453.106  N,  3,9018. 105  N,  1 ,6571 . 1 06  N. 

Maximum  load  pressure  is  respectively  pt  =  1,18  kPa,  1,32  kPa,  1,50  kPa.  These  values 
can  be  compared  with  limiting  pressure  values  (including  the  dynamic  load  factor)  and 
proper  safety  safeguards  can  be  realized  if  needed.  This  analysis  is  outside  the  scope  of  the 
methodology. 


VODIK-AREAL.KONECNE  RESENI 


min=0. 17663 
max=2.5453e+006 


Fig  9.  DGS  building  -  load  history  for  walls  S2(B)  and  S3(A),  and  roof  S  1(C) 


6.  CONCLUSIONS 

The  paper  is  devoted  to  calculations  of  the  consequences  relating  to  accidental  vapour 
cloud  explosions.  For  this  purpose,  a  general  methodology  has  been  developed  and  applied. 
The  methodology  consists  of  two  steps: 

•  the  first  one  deals  with  blast  wave  characterization  -  Multi-Energy  method  has 
been  used, 

•  the  second  one  deals  with  the  propagation  of  the  generated  blast  wave  in 
surrounding  air  and  wave-building  interaction  -  the  LS-DYNA  code  has  been 
applied. 

The  methodology  has  been  applied  to  a  case  of  unconfined  non-obstructed  hydrogen 
cloud  explosion  in  site.  An  example  of  the  application  is  presented  in  the  paper. 

The  methodology  presented  can  be  used  both  to  determine  the  consequences  of  an 
accidental  vapour  cloud  explosions  for  risk  analysis  purpose  and  at  the  same  time  also  as  an 
optimalization  design  tool  which  enables  to  minimize  consequences  of  possible  explosions 
taking  into  account  various  plant  lay-outs. 
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Abstract: 

The  silver  azide  pre-explosive  luminescence  origination  by  electron  pulse  initiation  in 
nidi  and  subsequent  broadening  of  the  luminescence  ranges  overlapping  finally  the 
whole  sample.  Hence,  the  origination  nidi  of  the  reaction  are  not  caused  by  the  local 
heating  and  they  are  not  the  hot  spots  in  the  true  sense  of  the  word. 

Keywords:  pre-explosive  luminescence,  discrete  centres,  initiation,  electron  pulse 


In  f11  pre-explosion  luminescence  of  silver  azide  has  been  found  by  registrations  under 
the  pulse  initiation  during  the  induction  time,  i.d.  in  some  interval  between  the  initiation 
pulse  and  the  decomposition  onset  (to  be  more  exact  deformation)  of  a  simple  in  the  process 
of  the  explosion  decomposition. 

In  ,2’ 31  pre-explosion  luminescence  kinetics  was  shown  to  present  that  of  initial  stages  of 
explosion  decomposition  chain  reaction  and,  there  fore,  may  be  used  for  its  “visualization”. 

This  finding  was  used  to  study  the  topography  of  the  chain  reaction  origination  of 
explosion  decomposition  for  silver  azide  by  laser  initiation  141 

Pre-explosion  luminescence  (and  consequently  a  chain  reaction  ass  well)  appeared  to  be 
originated  in  the  separate  points  (nidi)  by  laser  initiation  of  highly  ideal  whisker  crystals  of 
silver  azide. 

Within  several  tens  of  nanoseconds  the  nidi  grow  and  being  overlapped  form  continuous 
luminescent  range.  One  should  point  out  that  the  control  of  both  the  laser  beam  homogeneity 
and  a  perfectness  of  the  crystals  does  not  enable  us  to  account  for  the  fact  that  the  detected 
nidi  are  due  to  the  beam  in  homogeneity  or  the  sample  macro  defects. 

In  fS|  two  possible  causes  of  a  nidum  appearance  were  considered: 

1.  The  point  defect  aggregation  having  a  high  absorption  coefficient  of  laser 
radiation  and  providing  in  this  connection  excitation  inhomogeneity  (initiation). 
Such  a  probability  is  analysed  in  f6'  for  an  extreme  case  of  fully  opaque  (black) 
microinclusions.  Here  we  really  deal  with  a  classical  model  of  hot  spots  f7,81. 


1  The  work  is  supported  by  ISTC  (project  No.  2180). 
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2.  The  laser  radiation  absorption  is  homogeneous  in  the  sample  but  there  are  some 
microareas  (nidi)  where  the  chain  reaction  initiation  is  facilitated  for  that  or  some 
reason. 

In  1  1  some  arguments  are  brought  forward  in  favour  of  the  fact  that  the  nidi  may  be 
dislocations  in  the  vicinity  of  which  the  band  gap  width  greatly  decreases.  It  is  evident  that 
to  justify  the  choice  between  these  probabilities  it  is  necessary  to  carry  out  an  experiment 
where  the  excitation  homogeneity  would  be  guaranteed,  it  being  the  task  of  our 
investigation. 

A  source  of  initiating  pulse  was  heavy  current  pulse  electron  accelerator  (a  mean  energy 
of  accelerated  electrons  300  keV,  current  density  in  the  beam  10  A,  duration  of  a  pulse  half¬ 
height  3-20  ns,  beam  inhomogeneity  over  a  sample  area  less  than  5%).  The  whisker  crystals 
of  silver  azide  of  100x100x1000  pm  in  size  were  used  as  simples. 

An  accelerated  electron  pass  (~  500  pm)  considerably  exceeds  the  transverse  sizes  of  the 
sample  and  it  provides  the  homogeneity  of  the  sample  initiation  if  one  takes  into  account  the 
physical  regularities  for  the  initial  radiation  processes  in  condenced  media  f9'. 

An  enlarged  sample  image  was  projected  on  an  entrance  window  of  streak-camera  by 
means  of  an  optical  system,  working  in  the  time-sweep  regime.  The  space  resolution  of  the 
technique  is  ~50  pm. 

As  a  whole,  both  the  equipment  and  measurement  technique  applied  were  identical 
having  the  only  distinction  which  is  principal  for  the  given  research:  electron  accelerator  was 
used  as  an  initiation  source,  the  latter  providing  the  guaranteed  homogeneity  of  the  sample 
excitation. 


Fig.l  presents  the  data  for  a  number  of  samples. 


Fig  1.  Time  dependence  of  pre-explosive  luminescence  distribution  through 
the  length  of  the  silver  azide  crystal  by  electron  pulse  initiation. 
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This  situation  is  seen  to  be  similar  to  that  of  the  laser  initiation  [4'S|:  the  luminescence 
origination  in  nidi  and  subsequent  broadening  of  the  luminescence  ranges  overlapping 
finally  the  whole  sample. 

Taking  the  initiation  homogeneity  into  consideration  one  should  make  an  unambiguous 
conclusion:  a  nidum  nature  of  the  reaction  origination  of  explosion  decomposition  is  not 
caused  by  the  energy  absorption  inhomogeneity  of  initiating  pulse  in  the  sample  but  it  is  of 
deeper  causes. 

It  is  due  to  the  accelerator  application  that  enables  us  to  make  one  more  seriously 
important  conclusion. 

Both  the  initiating  pulse  parameters  and  the  radiation  excitation  homogeneity  f91  do  not 
result  to  the  sample  heating  (in  the  local  points  as  well!)  enough  for  initiating  thermal 
explosion  decomposition  reaction. 

Hence,  the  origination  nidi  of  the  reaction  are  not  caused  by  the  local  heating  and  they 
are  not  the  hot  points  in  the  true  sense  of  the  word. 

In  summary,  one  should  note  that  having  found  angular  divergence  of  luminescence 
cones  (see  fig.  1)  one  can  estimate  the  reaction  propagation  rate  over  the  sample  as  in  articles 
14,51 .  When  studied  20  samples  the  averaged  value  is  in  good  agreement  with  the  data 
obtained  by  laser  initiation141 . 
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Abstract: 

Spectral-kinetic  characteristics  of  PETN  single  crystal  explosive  luminescence  under 
initiation  by  a  high-strength  electron  beam  have  been  studied.  It  has  been  shown  that 
spectra  of  radioluminescence  arisen  from  the  effect  of  an  electron  beam  and  spectrum  of 
the  following  explosive  luminescence  coincide.  The  spectrum  of  pre-explosive  dlow  has 
been  found  to  be  of  luminescent  nature.  Linear  spectrum  of  explosion  products  has  been 
registered.  It  can  be  associated  with  molecular  nitrogen  luminescence. 

Keywords:  PETN,  explosive  luminescence,  spectral-kinetic  characteristics 


A  great  deal  of  experimental  information  concerning  physical-chemical  processes  taking 
place  under  explosion  decomposition  of  heavy  metal  azides  has  been  accumulated  using 
heavy  current  electron  beams  and  powerful  laser  pulses  in  connection  with  the  method  of 
pulse  optical  spectrometry  with  high  time  resolution. 

The  materials  investigated  belong  to  a  wide  class  of  initiating  explosive  substances.  The 
similar  experiments  have  not  been  performed  up  to  now  as  applied  to  the  secondary 
explosive  substances  which  are  analogous  to  PETN.  The  laser  pulse  exposure  to  the  PETN 
free  surface  is  not  known  to  result  in  the  explosion  initiation  at  highly  large  magnitudes  of 

.  .  .  .  [3i 

excitation  intensity  1  J. 

In  the  research  given  to  initiate  PETN  the  electron  beams  of  the  pulse  duration  20  ns, 

3  2 

effective  values  of  electrons  0,25  MeV  and  the  current  density  in  a  beam  >10  A/cm-  have 
been  applied. 

The  PETN  single  crystals  3x4x0. 5  mm  size  have  been  used  as  the  object  of 
investigation. 

Spectra  of  explosion  luminescence  were  measured  employing  an  experimental 
installation  consisting  of  UCP-51  spectrograph  and  FER-7  streak-camera  f2'.  The  installation 
makes  it  possible  to  make  measurements  of  luminescence  spectra  with  high  time  resolution 
in  a  wide  spectral  range  when  a  single  sample  was  exploded. 


1  The  work  is  supported  by  ISTC  (project  No.  2180). 
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Fig  1.  Time  sweep  of  single  PETN  crystal  explosion  luminescence  registered 
from  output  screen  of  streak-camera 

A  -  crystal  is  fixed  around  the  edges 
B  -  crystal  fixed  on  a  substrate 
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Fig.l  presents  explosion  luminescence  spectra  of  the  PETN  single  crystals  recorded  by 
the  output  screen  of  the  streak-camera. 

In  the  case  shown  in  Fig. la.  the  crystal  was  fixed  around  the  edges  and  placed  at  angle 
45°  with  respect  to  the  electron  beam  and  optical  axis  of  measuring  circuit.  As  seen  in  the 
Fig.l,  First  the  spectrum  observed  appears  to  be  continuous  one  and  second,  at  the  onset  the 
first  relatively  short  luminescence  is  observed  followed  by  more  long-continued 
luminescence. 

If  one  places  the  barrier  as  a  transparent  film  before  the  crystal,  there  appears  both  the 
continuous  and  line  spectra  (Fig.  lb).  If  the  crystal  is  fixed  on  the  metal  substrate  with  its 
back  surface  with  respect  to  the  electron  beam,  one  can  see  the  same  spectra. 

Fig.2  shows  the  explosion  luminescence  kinetics  with  the  wavelength  X=770nm 
produced  by  the  treatment  of  the  data  presented  in  Fig.l.  The  rise  front  of  the  first 
luminescence  component  corresponds  to  the  electron  beam  pulse  duration  of  20  ns.  Fig. 3 
gives  luminescence  spectra  at  some  instant  of  time  corresponding  to  luminescence  maxima 
which  are  shown  in  Fig.2  with  spectral  sensitivity  of  the  recording  system  taking  into 
account. 

The  results  obtained  are  interpreted  as  follows.  First  component  of  the  continuous 
luminescence  can  be  identified  as  radioluminescence  arisen  from  an  excitation  pulse.  The 
second  component  is  associated  with  the  crystal  luminescence  appearing  due  to  the 
explosion  decomposition  development. 

The  line  spectrum  is  attributed  to  the  products  arising  as  a  result  of  explosion.  The  latter 
are  scattered  out  of  sight  of  the  optical  system  and  they  are  possible  to  be  observed  when 
there  is  a  mechanical  barriers  (a  film  or  a  metal  substrate).  The  lines  noticed  can  be  referred 
to  molecular  nitrogen  luminescence  f4' . 

The  second  component  of  the  continuous  spectrum  is  difficult  to  be  interpreted.  We  have 
tried  to  answer  the  question  if  the  luminescence  is  related  to  the  heat  radiation  appearing  as  a 
result  of  heating  during  explosion  decomposition.  If  the  luminescence  seems  to  be  a  heat 
radiation,  one  can  apply  the  Wien  displacement  law  kmaxT=B  and  define  its  temperature.  In 
our  case  A.max=850nm  (Fig.3),  hence,  T=3440K.  Further,  using  the  Plane’s  formula  the 
radiation  spectrum  of  a  black  body  has  been  estimated  and  shown  in  fig.3  (solid  line).  As 
seen  in  fig.3,  the  luminescence  spectrum  measured  experimentally  cannot  be  approximated 
as  the  heat  radiation. 

It  should  be  noted  that  the  radioluminescence  spectra,  spectrum  of  the  first  component 
and  explosive  luminescence  spectrum  actually  coincide. 

Thus,  the  luminescence  observed  should  be  treated  as  PETN  crystal  luminescence 
appearing  during  explosion  decomposition  development. 

One  can  suppose  that  the  luminescence  kinetics  represents  that  of  explosion 
decomposition  for  PETN  crystals.  Additional  investigations  are  necessary  to  find  out  both 
the  reaction  mechanism  of  explosion  decomposition  and  luminescence  nature. 
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Fig  2.  Kinetics  of  PETN  explosive  luminescence 


o  1 - , - , - , - , - , - , - , - , - , - , 

500  550  600  650  700  750  800  850  900  950  1000 


Fig  3.  PETN  explosive  luminescence  spectra. 

A  -PETN  single  crystal  explosive  luminescence  spectrum 

1  -  radioluminescence 

2  -  pre-explosive  luminescence 

3  -  the  spectrum  calculated  for  black  body  at  T  =  3440  K 
B  -  the  spectrum  of  PETN  explosion  products 
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Abstract: 

The  ultimate  objective  of  the  work  was  to  investigate  the  ability  to  heat  explosion, 
burning  and  detonation  of  some  organic  peroxides.  The  main  attention  was  paid  in 
previous  work  to  investigation  of  cumene  hydroperoxide  (CH).  The  properties  of  benzoyl 
peroxide  (BP),  and  cyclohexanone  peroxide  (CHP)  were  collected  and  analyzed  in  this 
work.  The  explanation  of  the  investigation  results  focused  on  identifying  the  most 
probable  occurring  chemical  reactions  at  decomposition,  heat  explosion,  burning  and 
on  reaction  thermochemistry  data.  The  data  of  investigation  in  couple  with  literature 
materials  characterize  net  cyclohexanone  peroxide,  cumene  hydroperoxide,  and  benzoyl 
peroxide  as  weak  explosive,  which  are  able  to  burning,  low  velocity  detonation,  and 
heat  explosion.  The  results  of  investigation  update  the  information  concerning  to 
explosion  characteristics  of  CHP,  CH,  and  BP  and  they  could  be  used  to  achieve 
accident  prevention  goal  on  the  plant  facilities  at  its  production,  processing  treatment, 
and  transportation. 

Keywords:  explosion,  hazard,  peroxide,  burning,  detonation 


1.  INTRODUCTION 

The  explosion  hazard  of  typical  explosives  is  estimated  at  experimental  and  calculating 
investigation  of  some  parameters.  It  is  important  to  know  the  parameters  and  intensity  of 
heat  explosion  of  the  substance,  ability  to  burning  without  access  for  air,  and  ability  to 
detonation.  Such  approach  is  necessary  condition  of  industrial  safety  in  the  branch  of 
manufacture  and  treatment  of  explosives.  Peroxides  are  not  applied  as  explosives,  but  they 
find  an  extensive  application  as  initiator  of  polymerization,  they  have  a  peroxide  group 
-O-O-,  which  is  explosiphore  one,  and  could  provide  them  explosiveness  [1l  There  were 
great  number  of  incidents  with  CH  and  much  more  with  BP  described  in  literature,  and  some 
of  them  thoroughly  investigated.  Considerable  portion  of  these  incidents  had  fatal 
consequences. 

The  mechanism  of  polymerization  with  peroxides  applying  has  a  chain  character, 
foundation  of  which  is  Chain  Reaction  Theory  of  academician  N.N.  Semenov.  With  this 
respect  the  branch  of  chemistry  of  polymerization  close  connects  with  Theory  of  Explosives, 
one  section  of  which  deals  with  chain  acceleration  of  chemical  reaction. 
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We  used  the  complex  investigation  methodology,  which  had  been  created,  in  Mendeleev 
University  of  Chemical  Technology  for  explosion  hazard  estimating  of  typical  explosive 
system.  The  methodology  included  calculation  of  the  explosion  parameters:  heat  of 
explosion,  detonation  velocity  etc.,  and  experimental  measuring  of  some  parameters 
velocities  of  burning  and  detonation,  temperature  of  decomposition  beginning,  etc.  f2'5'. 

The  main  attention  was  paid  to  benzoyl  peroxide  (BP)  and  cyclohexanone  peroxide 
(CHP);  bearing  in  mind  that  explosion  hazard  of  cumene  hydroperoxide  (CH)  was 
investigated  and  discussed  in  previous  work  f6]. 

Typically,  the  first  step  in  hazard  evaluation  of  substances  was  a  literature  searches.  We 
used  the  searches:  scientific  and  technical  literature  f7'131,  International  Chemical  Safety 
Cards  (ICSC,  Internet),  Database  of  National  Institute  of  Standards  and  Technology  (NIST, 
Internet),  Hazardous  Chemical  Database  (HCD,  Internet). 

BP  and  CH  are  derivatives  of  benzene,  represented  by  the  chemical  formulas: 

Ar - C - O - O - C - Ar 

Benzoyl  peroxide 

O  O 

CH3 

Cumene  hydroperoxide 

Ar - C - O - O - H 

CH3 

Their  properties  were  collected  and  presented  in  work  161 

Cyclohexanone  peroxide  according  to  the  data  of  literature  [12]  can  exist  in  some 
isomeric  modifications  (Table  1). 

BP  and  CH  has  long  been  recognized  as  unstable  chemical  and  explosive.  International 
chemical  safety  cards  characterize  CH  and  BP  as  combustible  and  explosive  substances. 

Neither  explosion  properties  nor  even  enthalpy  of  formation  (AHf)  of  cyclohexanone 
peroxide  were  found  in  literature.  Meanwhile  the  value  of  AHf  is  necessary  to  compute 
explosive  parameters.  The  enthalpies  of  formation  of  CHP  isomers  were  calculated  by  means 
of  two  methods:  taking  account  deposits  of  chemical  bonds  fl4],  and  with  the  applying  the 
package  of  computer  programs  ChemOffice,  which  used  quantum  chemical  methods  of 
calculation  1151 .  The  results  of  calculation  according  the  both  of  methods  were  close  each  to 
another  for  every  isomer;  the  average  values  of  AHf  are  collected  in  Table  1 . 

The  computer  code  SD  fl6]  was  used  to  calculate  the  detonation  parameters  of  peroxides 
under  investigation,  and  modified  method  was  used  to  estimate  its  explosion 

temperature  at  constant  pressure.  The  reaction  products  according  the  both  of  methods  were 
determined  by  reactions  equilibrium  including  hydrogen,  carbon,  and  products  of  its 
oxidation.  The  calculating  parameters  of  peroxides  are:  explosion  heat  -  Q,  detonation 
temperature  -  TD,  detonation  velocity  -  D,  temperature  of  explosion  (at  P  =  10  MPa)  -  Tp. 
Calculated  principle  products  are:  condense  carbon,  CH4,  C02,  CO,  H20,  H2. 
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2. 


EXPERIMENTAL 


We  had  at  our  disposal  the  commercial  grade  product  CH,  which  are  named  in  Russia 
“Hyperiz”.  The  product  was  certificated  according  technical  conditions  of  Russia  N°  38.402- 
62-121-90  and  contained  net  cumene  hydroperoxide  not  less  than  89%. 

The  commercial  grade  product  of  cyclohexanone  peroxide,  solidifyer  for  encapsulator 
(technical  conditions  of  Russia  2257  -  036  -  18563945  -  2001),  was  at  our  disposal. 

BP  of  laboratory  preparing  was  given  in  our  disposal  as  water  suspension.  BP  was 
separated  from  water,  it  was  twice  washed  out  with  alcohol,  and  then  drying  of  BP  was 
carried  out  at  room  temperature  (without  heating)  to  constancy  of  mass.  Dry  BP  had  the 
melting  point  coincided  with  literature  data  tm  =  103  °C. 

Table  1.  .  Structure  and  some  properties  of  the  Cyclohexan  on  e  peroxide  isomers 


*) 


Average  values  of  AHfgas  were  calculated  in  this  work. 
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The  commercial  grade  products  on  base  CH  and  CHP  were  analyzed  by  mean  of 
spectrum  analysis.  Content  of  CH  in  Hyperiz  complied  with  demands  of  technical 
conditions. 

According  to  spectrum  analysis  of  the  commercial  grade  products  on  base  CHP  is 
solution  CHP  (33%)  in  inert  component  (composition  is  presented  in  Table  2).  Isomer  CHP- 
V  according  to  analysis  is  the  main  part  of  peroxide  component  in  solidifyer  Table  3. 

Table  2.  Content  of  solidifyer  on  a  base  CHP 


Substance 

CHP 

Cyclohexanone 

Dimethylphtalate 

Diethylenglycole 

Content,  % 

mass. 

33 

6 

23 

38 

Table  3.  Content  of  CHP  isomers  in  peroxide  component  of  solidifyer 


CHP  isomers 
(see  Table  1) 

I 

II 

III 

IY 

Y 

YI 

YII 

YII 

Content, 

%  mole 

32 

5 

13 

50 

- 

- 

- 

Decomposition  of  peroxides  under  heating  was  investigated  in  glass  laboratory 
apparatus,  consisting  from  two  test-tubs,  one  of  them  (d=13  mm)  was  put  into  another  (d  = 
30  mm).  The  substance  under  investigation  (m=0.3-l  g)  was  placed  into  inner  test-tube  and 
was  heated  by  electric  spiral,  which  was  wound  on  the  external  test-tube.  The  temperature  of 
the  sample  was  measured  by  thermocouple  device,  which  registered  the  curve  temperature 
vs.  time.  The  working  thermocouple  was  protected  by  the  mean  of  quartz  capillary.  The 
velocity  of  heating  (20-50  degrees/min)  was  regulated  by  mean  of  tension  current  on  the 
spiral f6'. 

Burning  of  CH  was  investigated  in  the  bomb  of  constant  pressure  in  atmosphere  of 
nitrogen  over  the  pressure  range  24  to  36  MPa.  The  same  micro-thermocouple  methodology 
as  in  work  ,9'  was  applied  for  measuring  the  temperature  profile  at  burning  of  CH.  The 
burning  rate  versus  pressure  was  measured  by  the  mean  of  drum  photo-register  device  in 
passing  through  light,  because  the  own  luminescence  of  CH  burning  was  too  weak  to  be 
registered. 

Induction  period  of  heat  explosion  versus  initial  temperature  was  investigated  in  inertial 
aluminum  thermostat  in  the  range  of  temperature  from  100  to  150  °C  for  BP  and  some 
experiments  with  CH  were  carried  out  at  266  °C. 

Investigations  of  detonation  ability  of  CH  and  BP  were  carried  out  in  steel  tubes  of  10 
mm  inner  diameter,  13mm  wall  thickness,  length  1=250  mm,  and  9  radial  holes  d=2  mm 
were  drilled  in  wall f6'.  The  pressed  pellets  of  phlegmatized  RDX  (d=12  mm,  m=2  g,  density 
p=  1.67- 1.6 8  g/cm  )  were  used  as  powerful  initiator.  The  high  velocity  detonation  (3-7  km/s) 
destroyed  the  steel  tube  on  fragments.  The  low  (1.5-2  km/s)  velocity  detonation  (LVD) 
didn’t  crash  the  tubes. 
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Russian  streak  camera  GFR-3  was  employed  to  measure  detonation  velocity.  The 
luminosity  at  detonation  of  BP  and  CH  was  too  weak  for  registration  by  means  of 
photography,  and  “to  develop”  the  process  propagation  on  streak  camera  record  we  used  the 
same  technique,  as  in  work  f6'.  Small  amount  (-0.02  g)  of  lead  azide  was  promptly  placed 
into  each  hole  on  paraffin  plug,  and  then  the  holes  were  glued  up  with  a  scotch.  Luminosity 
of  lead  azide  flashes  fixing  in  streak  camera  record  helped  to  judge  about  a  stability  of 
process,  and  to  measure  its  velocity.  Foundation  of  the  registration  method  is  thoroughly 
described  in  work  ,6'. 

3.  CALCULATION  AND  EXPERIMENTAL  RESULTS 

Results  of  calculation  of  explosion  parameters  are  collected  in  Table  4.  One  can  see  that 
CHP  has  the  largest  value  of  Q,  its  heat  explosion  is  comparable  with  Q  of  threenitro toluene. 
A  destructive  effect  of  explosion  depends  on  this  parameter  ,  and  production  of  solidify er, 
containing  CHP,  in  the  form  of  dilute  solution  in  inert  component  seem  the  well-founded 
step.  Calculated  heat  of  explosion  of  mixture  CHP-V  with  diethilene  glycol  50/50  gave 
negligible  value,  Q=630  kJ/kg.  Explosives  having  such  a  small  heat  of  explosion  are 
unknown.  So  one  can  conclude  that  commercial  grade  solidifyer  containing  33%  of  CHP  and 
having  still  less  Q  value  is  nonexplosive  liquid.  Commercial  grade  solidifyer  containing  33% 
of  CHP  was  heated  in  glass  thermostat  (m=5  g).  Decomposition  of  CHP  began  at  t=100  °C, 
the  bubbles  of  gases  evolved,  and  growth  of  the  temperature  accelerated  but  heat  of  peroxide 
decomposition  is  spent  on  heating  and  boiling  of  inert  solvent,  and  temperature  of  substance 
under  investigation  did  not  exceed  t=210  °C  (Fig.  1).  There  were  not  explosion  or 
appearance  of  the  flame.  When  all  peroxide  decomposed  boiling  and  evolving  stopped  and 
lowering  of  temperature  began. 

Table  4.  Calculating  explosion  parameters  of  peroxides  under  investigation  at 

3 

density  p=  1.1  g/cm 


Peroxide 

Q,  MJ/kg 

D,  km/s 

P,  GPa 

Td,K 

TP,°C  At  P=10  Mpa 

CHP-V 

3.97 

5.19 

6.32 

2039 

1024 

CH 

3.14 

4.40 

4.10 

1682 

918 

BP 

2.37 

2.96 

1.89 

1609 

970 

Fig  1.  The  temperature 

versus  time  curve  at 
heating  and 
decomposition  of 
commercial  grade 
solidifyer, 
containing  33%  of 
CHP. 
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There  were  no  any  visible  qualitative  changes  during  approximately  linearly  law  of  CH 
heating  (m=l  g)  in  glass  thermostat.  The  moment  of  very  beginning  of  decomposition  (140- 
160  °C)  coincided  with  acceleration  of  temperature  increasing.  Gasification  (pseudo-boiling) 
intensified  at  self-heating  of  CH,  the  droplets  of  a  decomposition  products  condensed  on  the 
wall  of  test-tube  and  flew  down.  At  decomposition  passing  primary  colorless  substance 
became  a  light-brown  one.  A  flame  has  never  appeared  at  CH  decomposition  under  these 
conditions  f6'. 

Heat  explosion  of  BP  was  investigated  at  mass  m=0.3-0.5  g  and  velocity  of  heating  28- 
23  deg/min.  Heat  explosion  was  accompanied  by  flash  and  sound  effect.  There  was 
explosion,  destroyed  glass  apparatus  in  the  run  at  m=0.5  g  and  velocity  of  heating  15 
deg/min,  the  intensity  of  heat  explosion  in  this  experiment  was  high  though  small  mass  of 
BP.  The  results  are  shown  in  Table  5. 

The  dependence  of  heat  explosion  induction  period  of  BP  vs.  inverse  temperature  was 
measured  (m=l  g)  (Fig.  2).  The  activation  energy  was  calculated  taking  into  consideration 
these  data  EBp  =  122  kJ/mol,  this  value  practically  coincides  with  data  of  literature.  Heat 
explosion  of  CH  in  some  experiments  at  t=168  °C  was  accompanied  with  flame  appearance. 

Table  5.  Experimental  results  of  BP  behavior  at  heating 


M,  r 

Velocity  of 

heating, 

deg/min 

Beginning  of 

decomposition 

Tflash  °C 

Result 

T,  °C 

t,  min 

0.3 

28 

91 

3.1 

120 

Flash 

0.5 

23 

92 

3.2 

106 

Flash 

0.5 

15 

96 

5.5 

125 

Explosion 

Fig  2.  The  dependence  induction  period  of  heat  explosion  of  BP  vs.  inverse 
temperature 
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Burning  of  BP  had  been  thoroughly  investigated  over  the  pressure  range  0.02  to  40  MPa 
in  the  work  f9'.  Not  only  burning  law  (velocity  vs.  pressure)  of  BP  was  measured,  but 
temperature  of  burning,  and  dependence  of  burning  rate  from  initial  temperature  were 
experimentally  investigated. 

Stable  burning  of  CH  propagated  in  quartz  glasses  by  a  diameter  of  12  mm  at  pressure 
p=24  MPa  and  higher  f6'.  The  wolfram-rhenium  micro-thermocouples  (W+20%  Re  and 
W+5%  Re,  thickness  of  wires  was  50  and  after  rolling  was  20  micrometers)  were  used  to 
register  the  profile  of  temperature  at  burning  of  CH.  The  maximum  of  temperature  Tm=  555° 
C  was  found  to  situate  practically  on  the  burning  surface. 

The  burning  laws  (u,  mm/s  vs.  pressure)  of  BP  and  CH  are  compared  in  Fig. 3. 


Fig  3.  Velocity  of  burning  vs.  pressure:  1-  BP  ,9',  2  -  CH 


At  the  powerful  and  less  powerful  initiating  (Pin~30  GPa  and  Pin=18.2  GPa)  of  CH 
detonation  process  propagated  with  constant  velocity  1.87  and  1.97  km/s  correspondingly. 
At  the  lower  initiating  pressure  (4.3  and  1.5  GPa)  low  velocity  detonation  damped  to  the  end 
of  tube,  the  slope  of  a  lines  connecting  points-flashes  of  lead  azide  in  a  records  diminished  to 
the  bottom  of  tube.  The  streak  camera  records  are  shown  in  wok  ,6'. 

Investigation  of  ability  to  detonation  of  BP  was  carried  out  in  the  same  tubes.  Results  are 

'i 

collected  in  Table  6.  In  powder-like  BP  charge  (density  p=0.4-0.57  g/cm  )  at  powerful 
initiating  (Pin~30  Gpa)  the  explosion  process  propagated  along  the  full  length  of  tubes,  but  at 
the  beginning  of  the  charge,  near  initiator,  the  velocity  was  higher,  and  to  the  its  middle 
diminished  to  value  ~  1  km/s  and  became  stationary  one.  If  for  initiation  of  explosion 
process  the  standard  detonator  N°  8  was  applied  the  velocity  was  constant  along  the  full 
length  of  tubes  (D=0.8  rm/s). 

'j 

Explosion  process  propagated  in  charge  (pressed  pellets  of  BP)  at  density  1.3  g/cm  at 
powerful  initiation,  velocity  of  process  changed  from  2.19  to  1.76  km/s  along  the  length  of 
the  charge.  The  explosion  process  was  not  initiated  by  the  standard  detonator  N°  8  in  pressed 
BP. 

Explosion  process  propagated  in  suspension  of  BP  in  water  at  density  1.09  g/cm  at 
powerful  initiation,  velocity  of  process  to  the  end  of  charge  was  stable  D=1.2  km/s. 
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Table  6.  BP  explosion  process  velocity  of  in  steel  tubes 


Density 

Length  of 

D,  km/s 

p,  g/cm3 

tube,  mm 

Initiation 

Powerful 

1.28— >0.70 

0.57 

240 

Powerful 

1.77— >1.00 

0.57 

Cap  No  8 

0.80 

1.3 

Cap  No  8 

No  initiation 

1.3 

72 

Powerful 

2. 1 9 — >1 .76 

4.  DISCUSSION 

The  decomposition  reactions  occurring  in  CH  according  to  literature  1111  are  (1)  and  (2). 
Both  of  the  reactions  are  characterized  by  release  of  energy. 

C6H5(CH3)2COOH  ->  C6H5OH  +  CH3COCH3  +  309.6  kJ  (1) 

C6H5(CH3)2COOH  ->  CH3OH  +  C6H5CO  CH3  +230.1  kJ  (2) 

The  decomposition  rate  constant  of  CH  is  K=0.0108  hour1,  activation  energy  is  E=100 
kJ/mol  ,S|.  Pre -exponential  factor  was  estimated  taking  into  consideration  these  data:  B=K/e 
E/RT«  108  c'1. 

The  sample  of  CH  by  several  grams  weight  at  heating  decomposed  with  temperature 
arising  and  self-acceleration  but  without  appearance  of  flame  in  the  laboratory  experiments 
at  linear  low  of  heating.  An  intensity  of  heat  explosion  is  well  known  to  depend  on  mass  of 
explosives  under  heating.  The  incidents  occurring  at  some  facilities  involving  CH,  described 
in  literature  fl0,11,5  e.g.  at  hot  streaming  of  vessels  contained  the  leavings  of  CH,  make  this 
assumption  objective.  Heat  explosion  of  CH  in  some  experiments  at  high  temperature,  as  it 
was  marked  above,  was  accompanied  with  flame  appearance. 

Heat  explosion  of  BP  is  very  intensive  even  at  m=0.5  g. 

High  explosion  hazard  of  BP  probably  connects  with  its  high  ability  to  burning  and  high 
intensity  of  heat  explosion.  BP  bums  faster  than  nitrocompounds,  as  it  was  marked  in 
work  f9],  and  it  able  to  burn  in  wider  diapason  of  pressure  than  they  and  CH  (Fig.  3). 

We  didn’t  observe  the  any  amount  of  carbon  or  gases  created  at  CH  burning  in  bomb  of 
constant  pressure,  the  quartz  glass  to  the  end  of  burning  was  filled  up  by  light  brown  liquid. 
The  experimentally  measured  temperature  of  burning  was  sufficiently  lower  than  computed 
temperature  Tp.  These  facts  testify  to  leading  reaction  occurs  in  condensed  phase.  The  same 
conclusion  was  made  earlier  at  investigation  of  benzoyl  peroxide  burning.  The 
decomposition  reactions  (3)  and  (4)  surmised  to  proceed  at  burning  of  BP  [91. 

C6H5(0)C-0-0-C(0)C6H5  ->  C6H5(0)C  C6H5  +  C02  +100.6  kJ  (3) 

C6H5(0)C-0-0-C(0)C6H5  ->  C6H5-C6H5  +  2C02  +  167.6  kJ  (  4) 
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If  the  proposed  model  is  true,  one  could  assume  that  overall  reactions  occurring  at 
burning  of  CH  are  the  same  ones  at  the  decomposition,  i.e.  reactions  (1)  and  (2).  The 
reaction  temperature  was  calculated  at  heat  capacity  c=2.1  kJ/kg  K.  At  heats  of  reactions  (1) 
and  (2),  estimation  gave  the  temperatures  correspondingly:  Ti=720°  C  and  T2=477°  C.  One 
may  conclude  that  occurring  of  exothermic  reactions  (1)  and  (2)  can  ultimately  increase  the 
temperature  to  555  0  C,  which  was  fixed  at  burning  experimentally. 

The  burning  of  CH  was  found  to  propagate  at  pressure  P>24  MPa.  However,  luminosity 
of  flame  was  too  weak  to  be  registered  by  mean  of  photography,  it  could  be  explained  taking 
into  consideration  the  low  temperature  of  burning  and  absence  of  carbon,  water,  and  carbon 
dioxide  in  principle  burning  products.  These  products  could  provide  to  the  flames  intensive 
self-luminosity  but  they  are  not  created  as  a  result  of  reaction  (1)  and  (2). 

BP  and  CH  detonation  was  observed  to  propagate  in  steel  tubes  as  low  velocity 
explosion  process  D~l-2  km/s.  The  minimal  shock  wave  pressure  to  initiate  the  stable  low 
velocity  detonation  of  CH  was  Pin=18.2  GPa,  at  Pin=4.3  GPa  the  process  damped. 

It  is  clear  that  inflammability  of  BP  diminishes  when  it  covered  with  water  at  storage 
and  transportation,  but  one  must  bear  in  mind  that  shock  wave  can  initiate  explosion  process 
in  such  suspension. 

One  must  note  that  detonation  pressure  at  velocity  D»l-2  km/s  is  approximately  P«0.5-l 
GPa,  in  other  words,  shock  wave  generating  by  such  explosion  process  or  by  heat  explosion 
of  large  amount  of  peroxides  can  cause  rather  high  destruction  effect. 

5.  CONCLUSION 

The  data  of  investigation  in  couple  with  literature  materials  characterize  cumene 
hydroperoxide  and  benzoyl  peroxide  as  weak  explosive,  which  are  able  to  burning,  low 
velocity  detonation,  and  heat  explosion.  The  results  of  our  investigation  update  the 
information  concerning  to  explosion  characteristics  of  CH  and  BP  and  they  could  be  used  to 
achieve  accident  prevention  goal  on  the  plant  facilities  at  its  production,  processing 
treatment,  and  transportation.  Dilution  of  peroxides  with  inert  solvents  lowers  its  explosion 
properties  and  reduces  its  explosion  hazard  as  it  was  shown  in  the  example  of  commercial 
grade  solidifyer  containing  33%  of  CHP. 

It  is  necessary  to  note  that  decomposition  of  cumene  hydroperoxide  (exothermic  reaction 
1)  in  technological  process  of  acetone  and  phenol  production  [S|  is  carried  out  at  excess  of 
final  product  -  acetone,  which  are  added  before  beginning  of  process.  Heat  of  reaction  (1) 
consumes  on  boiling  and  rectification  of  this  final  product,  and  temperature  of  reaction 
proceeding  never  reaches  to  the  heat  explosion  point  of  CH. 
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Abstract: 

Main  results  are  adduced  of  an  experimental  checking  of  a  divacancy  model 
of  iniciating  heavy  metal  azides.  The  analysis  result  shows  that  a  divacancy  model 
of  iniciating  heavy  metal  azides  quantitatively  do  agree  with  available  theoretical  data. 

Keywords:  heavy  metal  azides,  chain  reaction,  initiation,  model,  divacancy 


In  [1]  a  model  of  heavy  metal  azide  initiating  has  been  proposed  where  initiating  pulse 
result  in  recharging  divacancies  being  a  reaction  center.  From  an  uniform  standpoint  this 
model  accounted  for  a  number  of  well-known  experimental  data: 

■  spontaneous  explosions  under  synthesis  13,41 ; 

■  availability  of  initiation  threshold  13,41 ; 

■  a  vibrational  nature  of  postprocesses  under  the  threshold  excitation  161 . 

However,  the  most  favourable  support  in  favour  of  any  original  model  is  that  it  predicts 
some  novel  phenomena  or  regularities  and  their  subsequent  experimental  detection.  It 
became  the  objective  of  the  research  given. 

1.  SOME  PECULIARITIES  OF  CHAIN  REACTION  KINETICS. 

A  proposed  model  favours  in  predicting  original  characteristics  of  chain  reaction 
kinetics.  According  to  the  model  111  one  can  observe  the  following:  in  a  certain  range  of 
initiation  energies  the  rate  of  the  reaction  build-up  increases  with  the  energy  of  initiating 
pulse,  however,  the  values  of  the  rates  on  the  plateau  coincide. 

The  results  of  experimental  observation  of  this  kind  of  kinetics  (using  pre-explosion 
conduction  as  an  example)  are  shown  in  fig.  1 . 


1  The  work  is  supported  by  ISTC  (project  No.  2180). 
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Fig  1.  Change  kinetics  of  free  carrier  charge  concentration  for  silver  azide  at 

a  variety  of  initiation  energies  (E2>Ei).  (  n  is  estimated  from  experimental 
data  using  kinetics  of  pre-explosion  conduction). 

2.  RADIOLUMINESCENCE 

In  the  model  presented  f11  the  two  reactions  are  available  that  can  be  accompanied  by 
luminescence: 


(1) 

(v;,F)+h->  (v;,v;)+Av'2 

(2) 

where  V-c  and  Va+  are  cation  and  anion  vacancies;  F  is  anion  vacancy  which  trapped  an 
electron  ( the  SO  -  called  F-centre). 

The  reaction  (1)  is  the  radiation  electron  trapping  by  divacancy,  this  being  the  version  of 
the  SO-called  “trapping”  luminescence  that  has  been  observed  in  alkali  halide  crystals  in  the 
earlier  studies  of  Zazubovich  (see  f?l). 

The  reaction  (2)  is  the  radiation  recombination  of  hole  with  electron  localized  on 

divacancy,  the  latter  being  the  version  of  the  well-known  hole  recombination  luminescence 
f81 

In  the  context  of  the  model  studied  luminescence  (in  case  of  its  detection)  has  to  posses 
two  characteristics. 

1.  Intensity  of  the  trapped  luminescence  (hvi)  must  be  proportional  to  the 
concentration  of  neutral  divacancies  but  that  of  the  recombination  luminescence 
+  to  that  of  divacancies  which  trapped  an  electron. 

The  ordinary  effect  of  previous  irradiation  of  the  sample  is  the  generation  of  free 
electrons  and  their  localization  on  divacancies,  it  should  cause  decreasing  the 
neutral  divacancy  concentration  and  increasing  the  concentration  of  the  charged 
ones.  More  complicated  effects  are  available  (the  formation  of  aggregate  centers, 
coagulates,  etc.),  there  fore  the  dose  dependences  of  both  trapped  (hvi)  and 
recombination  (hv2)  luminescence  appear  to  be  contrary  (hvi  decrease  and  hv2 
increase  with  the  dose). 


420 


2. 


In  AgN3  crystal  lattice  a  couple  of  divacancy  orientations  can  exist,  the  distance 
between  partners  being  as  high  as  2,56A  and  2,79A,  respectively  ,S|.  As  a  result, 
spectra  of  both  the  trapped  (hvi)  and  recombination  (I1V2)  luminescence  can 
consist  of  the  two  more  or  less  separated  bands  which  correspond  to  various 
di vacancy  orientations. 

Moreover,  while  changing  the  temperature  of  the  sample  one  can  expect  the  intensity  to 
be  redistributed  between  the  bands  which  are  due  to  the  thermally-activated  reorientation  of 
divacancies. 

To  detect  the  proposed  luminescence  we  studied  in  detail  AgN3  radioluminescence 
excited  by  electron  accelerator  pulse  f9'.  The  major  data  of  our  investigation  (in  the  aspect  of 
our  interest)  are  seen  in  fig. 2.  The  temperature  range  given  in  this  figure  is  caused  by  the  fact 
that  the  band  hvi  <  l,5ev  is  succeeded  in  isolating  successfully  only  at  the  room  temperature 
are  quenched  and  reliably  registered  at  low  temperatures.  From  the  pointstand  of  the 
expected  results  of  our  model  the  data  shown  in  fig.2.  enable  us  to  relate  certainly  the  band 
with  the  maximum  <  l,5ev  to  the  trapped  luminescence  (hvi)  and  those  with  maxima  l,65ev 
and  l,87ev  to  the  hole  recombination  luminescence  on  divacancies  of  various  orientation. 


Fig  2.  Effect  of  radiation  treatment  at  80K  and  annealing  up  to  300K  on  AgN3 
radioluminescence  (under  the  threshold  excitation) 
a  -  temperature  regime  for  the  experimenT; 
b  -  an  irradiation  regime  (vertical  lines  are  the  accelerator  pulse); 
c  -  normalized  luminescence  spectra  for  the  steps  1,2,3; 
d  -  dose  dependences  of  bands  l,65<l,5ev  and  l,87ev 


2  The  temperature  regime  was  chosen  taking  into  account  l,65ev  and  l,87ev  band  quenching  at  300K  while  a 
weak  band  <l,5ev  can  be  reliably  separated  only  at  300K  (when  the  bands  are  quenched!). 
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The  similar  bands  are  observed  in  the  first  peak  which  exists  when  initiating  the 
previously  irradiated  sample  in  the  above  threshold  regime  (Fig. 3) 


Fig  3.  Luminescence  of  previously  irradiated  AgN3  at  300K  (the  above  threshold 
excitation). 

a  -  luminescence  kinetics  at  hv=l,75ev; 

b  -  luminescence  spectrum  at  t=40nc  (previous  irradiation  at  80K); 
c  -  luminescence  spectrum  at  t=40nc  (previous  irradiation  at  300K); 
d  -  luminescence  spectrum  at  t=30nc. 

The  presented  data  may  be  considered  as  a  principal  argument  in  favour  of  a  divacancy 
model  of  HMA  initiation.  In  conclusion,  we  would  like  to  pay  attention  to  the  extremely 
important  fact,  namely,  the  model  predicted  makes  it  possible  to  control  the  sample 
sensitivity. 

According  to  f1'  initiation  energy  threshold  essentially  depends  on  the  concentration  of 
divacancy  concentration  one  can  handle  the  sample  sensitivity.  Such  a  control  can  be 
performed  by  means  of  routine  method  of  solid  state  physics  (irradiation,  illumination, 
thermal  treatment,  etc.)  at  present  the  corresponding  experiments  are  carried  out. 
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COMPARATIVE  CHARACTERISTICS  OF  TWO  ISOMERIC 
EXPLOSIVES:  4-NITRO-5-NITRIMINO-1H-1, 2, 4-TRIAZOLE 
AND  3-NITRO-5-NITRIMINO-l,4H-l, 2, 4-TRIAZOLE 


A.M.  Astachov,  V.A.  Revenko  and  E.S.  Buka 

Siberian  State  Technological  University, 
Prosp.  Mira  82,  660049  Krasnoyarsk,  Russia 


Abstract: 

The  comparative  estimation  of  properties  of  two  isomeric  nitroderivatives  of  1,2,4- 
triazole  -  4-nitro-5-nitrimino-lH-l, 2, 4-triazole  and  3-nitro-5-nitrimino-l ,4H-1 ,2,4- 
triazole,  is  realized.  In  contrast  to  the  C-nitrocompound,  the  N -nitrocompound  has 
higher  heat  of  formation,  and  as  a  consequence,  the  higher  explosive  characteristics.  On 
the  other  hand,  N-nitrocompound  has  lower  thermal  stability  and  higher  impact 
sensitivity  in  comparison  with  C-nitrocompound. 

Keywords:  high  explosives,  1,2, 4 -triazoles,  nitrimines,  nitrocompounds 


1.  INTRODUCTION 


It  was  recently  shown  that  the  compounds  known  as  3 (5)-nitramino- 1,2, 4-triazoles  are 
are  actually  nitrimines  and  not  primary  nitramines  f1'.  Some  works  have  been  devoted  to 
explosive  properties  of  5 -nitrimino-l,4H- 1,2, 4-triazole  (I)  { 3 (5)-nitramino- 1,2, 4-triazole, 
NITRA,  3-NRTZ}  12-51 .  This  compound  is  attractive  due  to  its  accessibility  and  low  cost,  but 
has  relatively  moderate  detonation  parameters.  An  introduction  of  additional  nitrogroup  into 
the  molecule  of  compound  (I)  allows  to  improve  the  oxygen  balance  and  increase  energetic 
characteristics. 

C-nitroderivative  of  (I)  -  3-nitro-5-nitrimino-l,4H- 1,2,4-triazole  (II)  is  known  ,6,5  but 
this  compound  has  been  named  3 -nitro-5-nitramino-lH- 1,2, 4-triazole  in  this  work.  We  have 
recently  synthesized  the  N-nitroderivative:  4-nitro-5-nitrimino-lH- 1,2,4-triazole  (III) r?l.  The 
compound  (III)  is  interesting  because  of  presence  of  the  dinitroguanyl  explosophoric 
fragment.  Structure  and  properties  of  1,2-dinitroguanidine  and  some  of  its  derivatives  have 
been  considered  in  the  literature  earlier |8_  K 


HN 


nno7 

A  ' 


=N 


NH 

/ 


HN 

\ 

02N 


nno2 

A  ' 


II 


NH 

/ 


0?N-N 


NN02 

A.' 


NH 

/ 


=N 

III 


In  this  paper  we  consider  the  influence  of  the  introduction  of  additional  nitrogroup  into 
the  molecule  of  (I)  and  compare  energetic  properties  of  two  analogous  by  the  element 
composition  (CofUfACU)  isomeric  high  explosives,  (II)  and  (III). 


424 


2. 


SYNTHESIS 


Compound  (II)  was  synthesized  from  the  guanozole  (3, 5-diamino- 1,2, 4-triazole)  as 
described  previously 161 : 
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Compound  (III)  was  synthesized  by  the  compound  (I)  N-nitration [7]: 
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I  III 

The  initial  compound  (I)  obtaining  methods  are  well  known  f2-4, 12-151 
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Compound  (III)  undergoes  a  slow  decomposition  during  the  storage  under  the  room 
temperature.  Therefore  the  experiments  with  this  compound  were  carried  out  just  after  the 
synthesis. 


3.  EXPLOSION  TEMPERATURE  TEST 

Sensitivity  to  explosion  by  heat  was  determined  as  the  temperature  of  flash  and  time  to 
explosion  delay.  The  known  method  is  used  1 16-181 .  The  sample  of  explosive  (10  mg)  is 
placed  in  a  N°8  detonator  shell,  and  the  lower  end  of  this  shell  is  plunged  into  a  bath  of 
molten  Wood’s  metal  at  a  measured  temperature  (7).  The  time  required  to  cause  explosion  or 
flashing  is  noted  with  a  stop  watch.  Each  experiment  was  repeated  ten  times  and  mean  t 
values  are  fixed.  Then  the  similar  operation  is  repeated  with  another  temperature.  The 
specified  method  allows  most  simply  to  find  activation  parameters  of  thermal  decomposition 
of  explosive  compounds.  However,  the  accuracy  of  definition  of  activation  parameters  using 
such  way  is,  usually,  low.  Concerning  the  physical  meaning,  the  given  test  is  close  to  the  test 
ODTX  (one-dimensional  time  to  explosion)  ,19’  201,  but  requires  essentially  smaller  mass  of 
explosive  and  has  less  complicated  equipment. 
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The  temperature  -  time  to  explosion  curves  for  compounds  (I— III)  is  shown  in  Fig.  1. 
The  flash  of  compounds  (II,  III)  was  accompanied  by  the  appearance  of  a  flame  and  a  violent 
sound.  Compound  (I)  decomposed  with  soft  sound  and  without  a  flame. 


Fig  1.  Relationship  between  the  temperature  and  time  to  explosion  for 
compounds  (I— III) 


To  find  activation  parameters  from  relationship  of  temperature  -  time  to  explosion, 
data  processing  in  coordinates  lnx  =j{l/T),  shown  in  Fig.  2,  were  applied. 


Fig  2.  Plot  of  In  x  vs  1/T  for  compounds  (I— III) 
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This  relationship  can  be  expressed  by  the  following  equations: 
lnx  =  -37.21  +  19910.5/T,  R  =  0.9870,  for  compound  (I) 

lnx  =  -24.02  +  1 1384.4/T,  R  =  0.9961,  for  compound  (II) 

In  x  =  -29.48  +  1 1734.4/T,  R  =  0.9947,  for  compound  (III) 

From  this  equations  the  values  of  energy  of  activation  ( Ea )  and  pre -exponential  factor 
(A)  are  found.  The  calculation  is  based  on  the  following  expression: 

X=  {cpRT2 /(Qexpi  E a  A)}  Qxp(E J RT), 

where  cp  -  heat  capacity  (we  used  approximate  values  for  heat  capacity  organic  explosives 
cp  =  1.25  J/(g-K));  R  -  ideal  gas  constant,  8.314  J/(mol-K);  Qexpi.  -  heat  decomposition 
reaction  (J/g),  identical  with  heat  of  explosion  (calculated  in  the  chapter  5). 

Calculated  activation  parameters  of  thermal  explosion  are  represented  in  the  Table  1. 


Table  1.  Activation  parameters  of  thermal  explosion  of  compounds  (7-ZZ7). 
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218-252 

128-184 

83-99 

Ea  ,  kJ/mol 

165.5 

94.6 

97.6 

Alg^ 

13.69-13.75 

7.96-8.07 

10.16-10.20 

average  lg  A 

13.72 

8.01 

10.18 

The  values  of  activation  parameters  of  compound  (I)  obtained  were  close  to  the 
results  of  much  more  accurate  manometric  measurements  of  thermal  decomposition  this 
compound  in  a  solid  phase  (Ea  =  159.5  kJ/mol,  lg  A  =  13.68)  ,21l  Such  data  do  not  exist  for 
compounds  (II,  III).  The  energy  of  activation  of  (II,  III)  is  less  significant,  than  for  (I). 
Rather  close  values  of  energy  of  activation  of  (II,  III),  probably,  testify  to  the  similar 
mechanism  of  their  thermal  decomposition. 

4.  IMPACT  SENSITIVITY 

Sensitivity  to  impact  of  (I— III)  was  investigated  with  K-44-II  drop-weight  impact 
machine  fl?l.  Conditions  of  experiments:  5  kg  weight  drop  hammer;  the  sample  of  explosive 
is  placed  in  the  plunger  assembly  N°l,  consisting  of  two  steel  rollers  by  Soviet  state  standard 
4545-48  (roller  diameter  10  mm  and  height  12  mm) f16';  samples  weight  is  30  mg  for  (I,  II) 
and  10  mg  for  (III).  In  conditions  of  impact  tests  explosive  performance  of  (III)  occurs  in  the 
form  of  detonation  and  with  sample  weight  30  mg  there  is  a  mechanical  damage  of  plunger 
assembly.  The  results  of  tests  are  collected  in  Table  2,  the  curves  of  sensitivity  are  shown  in 
Fig.  3.  Each  point  was  obtained  by  results  of  25  trials.  For  comparison  the  data  for  PETN  are 
given. 
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Table  2.  Impact  sensitivity  of  compounds  (I-III). 


Load  level  (drop  height) 

H,  cm 

Explosion  probability/  % 
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From  the  data  obtained  it  follows  that  the  sensitivity  of  (I)  approximately  corresponds 
RDX  and  increases  with  introduction  of  additional  nitro group  into  the  molecule.  The  more 
powerful  N-nitroisomer  (III)  is  also  more  sensitive,  in  comparison  with  C-nitroderivative 
(II): 

nno2  nno2  nno2 
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The  sensitivity  of  (I)  was  determined  with  the  help  of  fallhammer  BAM  test  (1  kg,  Ho  =  66.3 
cm,  Eo  =  6.5  J,  1  explosion  from  6  trials)  earlier [2~4' .  For  RDX  energy  Eo  =  4. 5-6. 5  J f2_4'  also 
is  obtained  in  the  same  conditions. 


f,% 


Fig  3.  Explosion  probability  if)  for  compounds  (I-III)  vs  drop  height  of  load  (H); 
for  comparison  the  data  for  PETN  are  given. 

To  estimate  critical  parameters  of  initiation  by  impact  f22'  we  have  tried  to  use  a 
numerical  method  1231  and  activation  parameters  of  thermal  decomposition  obtained  by  us 
(chapter  3  in  this  paper).  Calculated  values  of  Pcr.  of  (I)  are  close  to  those  for  RDX  (Pcr.  = 
700  MPa  ,22’  23').  One  fails  to  receive  reasonable  values  for  compounds  (II,  III),  probably, 
owing  to  low  accuracy  of  activation  parameters  of  thermal  decomposition. 

5.  ENERGETIC  AND  DETONATION  PARAMETERS 

Energetic  and  detonation  parameters  of  (I),  (II)  and  (III)  were  estimated  using 
thermodynamic  method  with  BKW  equation  of  state  |24,  251  at  various  sets  of  parameters 
(BKW-RDX,  -R,  -RR,  -C)  and,  also,  by  simple  correlation  methods  ,5’  251 .  Table  3  shows 
averaged  values  obtained  by  the  above  mentioned  methods.  Experimental  values  of 
detonation  parameters  for  RDX 1261  are  shown  in  Table  3  for  comparison. 

The  calculation  was  performed  at  maximum  density  of  compounds.  The  condensed 
carbon  formed  by  detonation  was  taken  into  consideration  in  diamond  (BKW-RDX,  -R,  -C) 
and  ultra  fine  diamond  (BKW-RR)  phases.  The  experiment  and  thermodynamic  calculation 
shows  that  diamond  phase  is  preferable  in  Chapman- Jouguet  point  for  high  density 
explosives  |2?l.  The  standard  heat  of  formation  of  (I,  II)  was  found  from  experimentally 
determined  calorimetric  heats  of  combustion.  The  values  for  crystal  density  and  heat  of 
formation  of  (III)  is  predicted f7'. 

From  Table  3  data  it  follows  that  the  compound  (II)  is  comparable  to  RDX  by  detonation 
parameters  and  the  compound  (III)  surpasses  the  latter. 
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Table  3.  Some  energetic  and  detonation  parameters  of  compounds  (I-III). 
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222.12 

Oxygen  balance,  % 

-43.4 

-9.2 

-9.2 

-21.6 

AHf°,  kJ/mol 

+112.4  r51 

+84.7  [5] 

+  191  m 

+61.5 

+1 12.5  [281 

+93.9  f2~4] 

po,  g/cm3 

1.83  f2_4] 

1.87 151 

1.87  m 

1.80 

Qexpl.,  MJ/kg 

4.42±2'6% 

5.28±0'8% 

5.87±0'8% 

5  401-7°g/cm3 

Vo,  m3/kg 

0.738±0'4% 

0.708±L3% 

0.709±L7% 

0.762  L70g/cm3 

D,  km/s 

8.38±3'7% 

8.82±2'6% 

9.0 1±2  7% 

8.77 

Pcj,  GPa 

29.4±5'8% 

34.4±3'6% 

36.  i±4-2% 

36.1 

TCJ,K 

1 844  a)-  3274  b) 

2207a)-401  lb) 

2565a)-4342b) 

3520 

Y 

3.39±1lo% 

3.22±5'8% 

3 . 1 8±4'9% 

2.83 

Notes:  a)  BKW-RDX;  b)  BKW-C. 


6.  CONCLUSION 

The  introduction  of  the  second  nitrogroup  into  the  molecule  of  5 -nitrimino- 1 ,4H-  1,2,4- 
triazole  (I)  improves  oxygen  balance  and,  as  a  consequence,  heat  of  explosion.  In  a 
combination  with  greater  density  of  (II,  III)  it  results  in  increase  of  detonation  parameters  in 
comparison  with  compound  (I).  The  comparison  two  of  isomeric  nitroderivatives  (II,  III)  has 
shown,  that  in  contrast  to  the  C-nitrocompound  (II),  the  N-nitrocompound  (III)  has  higher 
heat  of  formation  and,  as  a  consequence,  the  higher  explosive  characteristics.  On  the  other 
hand,  N-nitrocompound  (III)  has  lower  thermal  stability  and  higher  impact  sensitivity  in 
comparison  with  C-nitrocompound  (II). 

Unfortunately,  both  of  compounds  (II)  and  (III),  despite  of  the  rather  high  energetic 
characteristics  have  low  level  of  thermal  stability  and  high  level  of  sensitive  to  impact.  This 
obstructed  their  practical  application.  Being  the  most  powerful  of  the  considered  compounds, 
the  compound  (III)  is  the  most  impact  sensitive  and  least  thermostable  dangerous  explosive. 
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Abstract: 

Instrumental  TLC  was  used  for  analyses  of  initiating  explosives  (IHE).  A  chromatographic 
system  suitable  for  analyte  separation  and  method  of  densitometric  determination  of  some  IHE 
complexes  with  ditizone  were  proposed.  A  linear  dependence  of  densitometric  peak  areas  A  on 
the  analyte  mass  c  in  the  chromatographic  band  was  obtained  (Hg:  A  =3 3 202c  -  1406  and  Pb:  A 
=  42643c  -  83).  A  limit  detection  (Hg:  7.15  and  Pb:  1.25  ng  in  the  chromatographic  band )  and 
maximal  range  of  linear  measurements  (Hg:  120  and  Pb:  20  ng)  was  determined.  The  method 
developed  was  used  to  analyze  chosen  IHE  in  electrolytes. 

Keywords:  initiating  explosives,  densitometry,  TLC  analyses 


1.  INTRODUCTION 

The  need  for  disposal  of  duds,  blinds,  and  useless  (obsolete)  ammunition  grows  almost 
simultaneously  with  the  development  of  weapons  systems.  Up  to  recent  days  these  tasks 
were  conducted  in  open  field,  by  destroying  mentioned  kinds  of  ammunition  with  the 
explosive  method.  Unfortunately  this  process  is  not  safe,  economical  and  friendly  for  the 
environment.  That  is  why  researches  are  being  conducted  in  many  laboratories  aiming  at 
development  of  techniques  for  not  explosive  weapons  disposal.  The  most  difficult  stage  of 
such  a  procedure  is  disarming  of  a  fuse.  In  Military  University  of  Technology  (MUT),  many 
efforts  were  made  to  develop  methods  for  electrochemical  decomposition  of  casings  of 
percussion  caps  and  fuses  in  order  to  release  the  initiating  high  explosives  (IHE). Thus  there 
was  a  need  to  develop  analytical  methods  for  these  chemicals,  allowing  the  evaluation  of 
their  behavior  in  electrolytes.  Joining  this  research  we  made  an  effort  to  apply  to  this  end  the 
instrumental  thin  layer  chromatography  (TLC). 

2.  EXPERIMENTAL 

The  application  of  thin  layer  chromatography  in  analyses  connected  with  army  needs  is 
relatively  wide.  TLC  techniques  are  used  to  determine  toxic  warfare  agents,  asses  chemical 
stability  of  powders  and  so  on.  Unfortunately  publications  concerning  analyses  of  initiating 
high  explosives  are  extremely  rare,  definitely  more  attention  is  paid  to  analyses  of  high 
explosives  [1,  2’  31  and  powders  f4'  .In  this  research  we  made  an  effort  to  analyze  those  IHE 
using  TLC.  TLC  was  used  as  an  analytical  method  and  as  a  technique  of  sample  preparation 
for  thermal  analysis.  The  set  of  research  included:  (i)  -  selection  of  chromatographic 
systems,  (ii)  -  development  of  methods  of  visualization,  (iii)  -  determination  of  quantitative 
relations  and  measuring  errors  in  densitometric  measurements  of  concentration  of  tetrazene, 
lead  azide,  mercury  fulminate  and  lead  trinitroresorcinate  and  (iv)  determination  of  the 
mentioned  analytes  in  chosen  electrolytes,  i.e.  development  of  an  extraction  method  and 
assessment  of  recoveries. 
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Apparatus  and  materials.  Applicator  LINOMAT  IV  (CAMAG);  horizontal 
chromatografic  chamber  DS;  densitometer  CS-9000  (SHIMADZU);  differential  scanning 
calorimeter  (SHIMADZU);  chromatoplates  with  silica  gel  60  F254  HPLC  (MERCK,  catalog 
number  5548)  or  silica  gel  with  chemically  bounded  octadecyl  (MERCK  catalog  number 
5559);  organic  solvents  (J.  T.  Backer,  MERCK);  initiating  explosive  standards  (Department 
of  Explosives  MUT). 

Chromatographic  separation.  Mercury  fulminate,  lead  trinitroresorcinate,  tetrazene 
and  lead  azide  were  chosen  for  investigations.  In  order  to  obtain  standard  solutions,  the  first 
three  analytes  were  dissolved  in  ethyl  acetate  while  lead  azide  (this  compound  is  practically 
insoluble  in  most  of  organic  solvents)  was  dissolved  in  sodium  acetate.  Solvents  with 
concentration  of  10  ng/pl,  which  next  were  placed  (20  pi;  spraying  technique,  band  width  5 
mm)  on  the  start  line  of  chromatoplates.  Chromatograms  were  developed  in  horizontal 
chamber  DS.  Lead  trinitroresorcinate  (product  with  distinct  yellow  colour)  was  visualised 
directly  in  visible  light,  while  mercury  fulminate  and  tetrazene  after  conducting  colour 
reactions  with  proper  reagents.  Those  were:  10%  water  solution  of  sodium  sulfide  (with 
mercury  fulminate  it  creates  product  with  strong  black  tint)  and  saturated  methyl  solution  of 
NN-dimetyl-/>phenylenediamine  (with  tetrazene  it  creates  red-orange  reaction  product).  Lead 
azide  was  visualised  by  fluorescence  quenching.  The  best  separation  was  gained  on  silica  gel 
in  the  case  of  three-step  elution  with  diminished  distance  zp  step  I: 
methanol/acetonitrile/dichloromethane  4/3/1  (v/v;  Zf  =  8  cm);  step  II:  methanol/acetonitrile: 
(v/v;  Zf  =  7  cm);  methanol/dichloromethane  2:3  (v/v;  Zf  =  6  cm).  After  development  of 
chromatograms  and  removing  the  remainder  of  mobile  phase,  chromatoplates  were  scanned 
using  light  with  wavelength  appropriate  for  each  analyte. 
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Fig  1.  Separation  of  explosives:  1  -  lead  azide,  2  -  lead  trinitroresorcinate, 
3  -  tetrazene,  4  -  mercury  fulminate,  abscissa  -  distance  of  elution, 
ordinate  -  absorbance 
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The  obtained  good  separation  of  analytes  was  used  for  their  purification.  To  this  end,  the 
described  above  experiments  were  repeated  using  silica  gel  plates  preparative 
chromatoplates.  On  the  start  lines  of  such  chromatoplates  (10x20  cm),  solutions  of  the 
analytes  were  sprayed  in  the  form  of  10-mm  bands  using  spraying  technique.  After 
development  of  the  chromatograms,  analytes  were  removed  from  the  plates  along  with 
absorbent,  and  then  the  mixture  was  put  into  extraction  columns.  Analytes  were  eluted  and 
after  evaporating  of  the  eluent,  pure  samples  of  the  IHE  were  obtained. 

Analytical  application.  These  experiments  were  conducted  in  order  to  develop  an 
efficient  method  for  IHE  determination  in  electrolytes.  Tests  were  carried  out  using  65% 
solution  of  HNO3  (this  electrolyte  has  the  most  favourable  parameters  as  it  comes  to  the 
decomposition  (digestion)  of  percussion  caps  and  fuses).  Three  IHE  were  chose  for  the  tests, 
i.e.  mercury  fulminate,  lead  trinitroresorcinate  and  lead  azide.  These  compounds  decompose 
in  concentrated  nitric  acid,  and  therefore  the  subject  of  these  analyses  were  ions  of  lead  and 
mercury. 
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Fig  2.  Calibration  curves  obtained  in  densitometric  measurements 
for  Hg  (left  side)  and  Pb  (right  side)  complexes  with  ditizone 


Known  amount  of  lead  and  mercury  were  put  into  the  electrolyte  (samples  of  1  ml  in 
volume)  and  next  -  after  reducing  pH  to  the  value  of  7  using  ammonia  -  the  samples  were 
extracted  with  0,001%  solution  of  ditizone,  5ml  in  volume.  The  obtained  extract  was  put 
directly  on  the  chromatoplates.  A  good  separation  of  complexes  of  Hg  and  Pb  with  ditizone 
were  obtained  in  the  fallowing  chromatographic  system:  stationary  phase  silica  gel,  mobile 
phase:  dichloromethane/carbon  tetrachloride  1/2  (v/v).The  Rf  values  in  this  chromatographic 
system  are:  mercury-ditizone  complex  -  0.3;  lead-ditizone  complex  -  0.5.  The  maximum  of 
absorption  of  the  complexes  occurs  at  470  and  500  nm,  respectively.  These  values  were 
used  for  standardization  curve  measurements.  Their  results  showed  that  the  dependence  of 
changes  of  densitometric  signal  on  the  concentration  of  analytes  in  chromatographic  bands  is 
linear  in  relatively  wide  range  of  the  analyte  concentrations  (Fig.  2). 


435 


3. 


CONCLUSION 


Today,  the  need  for  detection  and  determination  of  IHE  poses  an  important  analytic 
problem.  The  conducted  tests  were  an  attempt  to  determine  analytic  parameters  of  these 
compounds.  The  obtained  results  enables  us  to  state  that  quite  a  lot  of  information  can  be 
gained  using  TLC  method.  It  can  be  used  to  analyze  many  organic  and  inorganic 
compounds.  Especially  good  results  were  obtained  when  the  decomposition  products  of  IHE 
were  the  subject  of  analyses.  Limit  detection  at  a  level  of  nanogrames  and  linearity  of 
calibration  curves  within  wide  range  of  concentrations  confirms  the  possibility  of  application 
of  TLC  for  quantitative  analyses  of  initiating  explosives. 
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Abstract: 

The  possibility  of  application  of  carbon  materials  sensitized  in  self-propagating  heat  waves 
for  solid  phase  extraction  (SPE)  is  presented.  Extraction  cartridges  with  the  materials  were 
prepared,  and  samples  of  water  contaminated  with  pesticides  (PDs)  and  polycyclic  aromatic 
hydrocarbons  (PAHs)  were  analyzed.  Modern  TLC  equipment  was  used  for  analyses. 
Chromatographic  systems  and  analytical  parameters  of  PDs  and  PAHs  were  defined  and  these 
results  were  used  to  determine  some  retention  and  elution  characteristics  of  the  tested  materials. 
Recovery  and  measuring  errors  were  estimated  (the  recovery  equaled  ca.  50  %  and  the  SD  was 
below  6  %>).  It  was  shown  that  some  of  the  examined  materials  can  be  applied  as 
adsorbents  for  SPE.  They  are  especially  good  for  extraction  of  analytes  with 
comparatively  high  polarity. 

Keywords:  carbon  materials,  extraction,  TLC,  pesticides,  PAHs 


1.  INTRODUCTION 

Carbonaceous  materials  sensitized  in  combustion  waves  of  mixtures  of  different 
reductants  (e.g.  Mg,  Al,  Zr,  Ti,  Si,  B,  CaSE,  FeSi,  NaN3)  with  organic  compounds  of 
fluorine  or  chlorine  (such  as  PTFE,  C12F10,  C6C16,  C2CI6)  contain  turbostratic  graphite, 
single-crystals  of  silicon  carbide  and  other  crystalline  phases,  like  B4C,  B13C2,  Si,  Fe3Si,  an 
so  on  [  .  Some  of  the  combustion  products  are  characterized  by  unique  structural  and 

surface  properties  f3,4l  For  example,  they  include  silicon  carbide  nanofibers  sheathed  with 
amorphous  SiCE  layer  and  crystallized  carbon  nanoparticles  with  hollow  cores.  The 
composition  and  structure  of  the  materials  suggest  that  they  are  likely  to  be  useful  for  many 
analytical  applications.  In  the  present  work  an  attempt  was  undertaken  to  use  some  of  them 
as  adsorbents  in  solid  phase  extraction  (SPE). 

SPE  is  a  method  of  sample  preparation.  As  a  first  approach,  it  can  be  described  as  a 
simple  chromatographic  process  with  liquid  media  as  the  mobile  phase  and  the  adsorbent  as 
the  stationary  phase.  The  method  is  applied  for  isolation  of  analytes  from  liquid  matrixes, 
particularly  from  water.  During  the  first  step  of  extraction,  the  analytes  are  retained  by  the 
adsorbent  and  then  in  the  end  step  they  are  eluted  with  a  small  amount  (several  ml)  of 
organic  solvents.  Sample  preparation  play  the  major  role  in  analysis,  as  the  complexity  of 
samples  makes  direct  analysis  impossible.  In  particular  samples  this  step  is  often  the  limiting 
factor  of  the  analysis.  Variety  of  surface  properties  of  adsorbents  and  solvents  makes  it 
possible  to  exploit  SPE  commonly.  The  method  is  quite  simple,  economical  and  very 
efficient,  especially  in  the  case  of  analyses  at  a  level  of  nanograms  fS|.  As  a  column  packing 
chemical  bonded  silica  gel,  ion  exchangers  and  resins  are  most  often  used  in  SPE.  In  our 
investigations  carbonaceous  materials  sensitized  in  combustion  wave  were  applied  as 
adsorbents. 
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2. 


EXPERIMENTAL 


The  effectiveness  of  extraction  of  pesticides  (PDs)  and  polycyclic  aromatic 
hydrocarbons  (PAHs)  from  water  was  evaluated.  The  set  of  investigations  included:  (i)  - 
development  of  a  method  for  analysis  of  traces  of  PDs  and  PAHs  using  instrumental  thin 
layer  chromatography  (this  part  of  research  constituted  in  selection  of  a  chromatographic 
system  allowing  separation  of  the  analytes  from  other  matrix  components  as  well  as 
selection  of  a  method  of  their  visualization  and  qualitative  analysis),  (ii)  -  specification  of 
the  principles  of  extraction  column  preparation,  and  (iii)  -  characterization  of  retention  and 
elution  properties  of  the  tested  carbonaceous  materials  during  extraction  of  the  analytes  from 
water. 

Analytical  parameters  of  the  PDs  and  PAHs.  Four  PDs  (fenuron,  carbaryl, 
phenchlorfos  and  DDT)  and  three  PAHs  (benzo(a)pyrene,  pyrene  and  anthracene)  were 
selected  for  the  tests.  Standard  solutions  of  the  analytes  were  sprayed  (applicator  LINOMAT 
IV)  on  the  start  line  of  chromatoplates.  The  chromatograms  were  developed  in  classical 
(ascending)  chromatographic  chamber  using  organic  solvents.  The  effectiveness  of 
separation  was  assessed  by  observation  of  fluorescence  (PAHs)  or  on  the  basis  of 
fluorescence  quenching  (PDs).  The  best  separation  conditions  were  gained  in  the  case  of  the 
following  chromatographic  systems: 

■  PDs:  normal  phase  system  -  stationary  phase:  high  performance  silica  gel  (Merck, 
cat.  no  5548),  mobile  phase  carbon  tetrachloride :acetononitrile  5:0.5  (v/v)  or  methyl 
chloride: chloroform  1:0.9  (v/v). 

■  PAHs:  reversible  phase  system  -  stationary  phase:  high  performance  silica  gel  with 
chemical  bonded  octadecyl  (RP  C-18,  Merck,  cat.  no  5559),  mobile  phase:  methanol. 


Table  1.  Analytical  parameters  for  the  tested  pesticides 


Analyte 

^-max 

[nm] 

Calibration  curve 

* 

77 

i+y 

ii 

Correlation 

coefficient 

Detection  limit 

[fig] 

Max.  range 
of  inearity  [pg] 

Fenuron 

262 

2165.9-C+  8270 

0.984 

1.0 

10 

Carbaryl 

222 

2099. 5-c  +  6085 

0.981 

0.8 

12 

Phenchlorfos 

205 

6410.3-C+237 

0.998 

0.5 

10 

DDT 

220 

14936. 0-c+345 

0.997 

0.2 

5 

*c  -  the  mass  of  analyte  in  the  chromatographic  band  [pig],  A  -  absorbance,  the  surface  area  of  the 
densitometric  peak 


The  qualitative  analyses  were  carried  out  using  densitometric  technique  (densitometer 
CS-9000  SHIMADZU).  First,  the  wavelengths  Tmax  corresponding  to  the  maximum  of 
adsorption  of  UV  radiation  by  the  PDs  and  the  maximum  of  fluorescence  excitation  of  the 
PAHs  were  determined.  Then  the  chromatographs  obtained  for  standard  solutions  with 
different  analyte  concentrations  were  scanned  using  light  with  wavelength  appropriate  for 
each  analyte.  In  this  way  a  dependence  of  the  surface  area  of  the  densitometric  peak 
(absorbance)  A  on  the  mass  of  the  analyte  in  the  chromatographic  band  c  was  determined. 
The  obtained  set  of  analytical  parameters  is  collected  in  Tabs  1  and  2. 
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Table  2.  Analytical  parameters  for  the  tested  PAHs 


Analyte 

^max 

[nm] 

Calibration  curve 

A  =  f(c)* 

Correlation 

coefficient 

Detection 
limits  [ng] 

Max.  range  of 
linearity  [ng] 

Benzo(a)pyrene 

320 

3605.4-C  +  771 

0.999 

2.0 

20 

Pyrene 

300 

354.3-C+  1987 

0.985 

15 

100 

Anthracene 

340 

343. 7-c  +  703 

0.999 

10 

80 

*c  -  mass  of  the  analyte  in  the  chromatographic  band,  A  -  absorbance,  the  surface  area  of  the 


densitometric  peak 

Preparation  of  extraction  cartridges.  The  flow  of  a  liquid  matrix  through  an  extraction 
column  during  SPE  process  is  a  classical  example  of  transport  of  a  liquid  through  a  porous 
beds.  According  to  Leva’s  equation  [6',  resistance  of  the  flow  Ap  depends  on  the  bed  height 
L,  grain  equivalent  diameter  de,  linear  flow  velocity  u  (calculated  for  a  column  without 
packing),  density  of  the  liquid  p,  and  parameters  characterizing  grain  shape  cp  and  bed 
porosity  s'. 


Ap  =  A 


L  p-u 


2  f 


d„ 


(i-*r 


<P 


3 —n 


(l) 


where:  1  -  coefficient  of  flow  resistance,  n  -  parameter  of  the  flow  pattern. 


In  the  SPE  processes,  the  most  effective  retention  of  an  analyte  is  achieved  during  the 
laminar  matrix  flow  (n  =  1),  with  a  volumetric  flow  velocity  less  than  1  1/h.  The  average 
height  of  bed  usually  equals  8-MO  mm,  and  the  sub-atmospheric  pressure  should  not  be 
higher  than  400  hPa  (safe  value,  recommended  in  the  service  manual  of  SPE  set).  Taking 
into  considerations  values  of  the  parameters,  the  minimum  grain  diameter  was  calculated  as 
de  =  0.12  mm.  This  was  the  basis  for  selection  of  the  samples  that  could  be  used  as  column 
packing.  The  condition  was  fulfilled  by  combustion  products  of  the  following  mixtures 
(composition  expressed  in  weight  percent): 


NaN3/PTFE  =  62.2/37.8, 

NaN3/C6Cl6  =  57,8/42,2  with  20%  of  ferrocene), 

CaSE/PTFE  =  22.8/77.2, 

CaSE/PTFE  =  47.8/52.2, 

CaSi2/C6Cl6  =  46.85/53.15, 

Si/PTFE  =  56.0/44.0, 

B/PTFE  =  22.6/77.4, 

where  PTFE  -  polytetrafluoroethene,  SPCW  -  chlorinated  polyvinyl  chloride. 


NaN3/C6Cl6  =  47.8/52.2, 
NaN3/SPCW  =  55.0/45.0, 
CaSE/PTFE  =  27.8/72.2, 
CaSi2/C6Cl6  =  16.85/8315, 
CaSi2/SPCW  =  43.2/56.8, 
Si/PTFE  =  26.0/74.0, 


The  combustion  products  of  the  mixtures  were  sieved  and  grains  with  diameters  above 
0.12  mm  were  stirred  with  water.  The  suspensions  obtained  were  put  directly  into 
polyethylene  containers  with  capacity  of  3  ml  and  filtered  off  at  a  pressure  of  400  hPa.  After 
drying  out  with  a  nitrogen  stream,  the  beds  were  washed  with  methanol  and  heksane  and 
used  as  the  extraction  columns  for  the  retention  tests. 


Retention  parameters  of  the  tested  materials.  Samples  of  water  (250  ml)  were 
contaminated  with  known  amount  of  the  tested  PDs  or  PAHs,  and  then,  after  solvation  the 
matrix  with  methanol,  the  analytes  were  extracted  using  a  SPE  set  (T.  J.  Baker).  The 


439 


operations  included:  (i)  -  initial  washing  of  the  bed  with  alternately  a  polar  and  a  non-polar 
solvents,  (ii)  -  passing  the  tested  samples  through  the  columns  with  volume  flow  velocity  of 
ca.  1  1/h,  (iii)  -  washing  of  the  adsorbent  with  pure  water  and  drying  with  nitrogen,  (iv)  - 
elution  of  the  analytes  with  three  1-ml  portions  of  methylene  chloride.  The  scheme  of 
extraction  is  shown  in  Fig.l. 


3 


4 


Fig  1.  Scheme  of  the  solid  phase  extraction:  1  -  washing  columns  with  polar  and 
non-polar  solvents,  alternately,  2  -  passing  the  samples  through  the  column 
(analyte  retention),  3  -  washing  of  adsorbent  with  water  and  drying  in 
nitrogen  stream,  4  -  elution  of  the  analyte 

The  solutions  obtained  after  elution  were  combined,  concentrated  to  the  volume  of 
100  pi  and  analyzed  using  TLC.  The  concentrated  solutions  were  placed  on  the  start  line  of 
chromatoplates  (50  pi  for  PDs  and  20  pi  for  PAHs,  spraying  technique).  The  chromatograms 
were  developed  and  the  contents  of  analytes  was  determined  by  the  method  of  internal 
standard.  The  conditions  for  separation  and  determinations  were  the  same  as  during 
measurements  of  the  analytical  parameters. 

Table  3.  Recovery  of  PDs 


Combustion  products  of: 

Carbaryl 

Fenuron 

DDT 

Phenchlorfos 

Recov.* 

SD** 

Recov. 

SD 

Recov. 

SD 

Recov. 

SD 

CaSi2/PTFE=22. 8/77.2 

76 

5.0 

26 

4.2 

26 

4.3 

80 

4.3 

CaSi2/C6Cl6=16.85/83.15 

58 

4.0 

46 

5.1 

66 

4.5 

57 

5.0 

CaSi2/C2Cl6  =39.6/80.4 

23 

4.0 

15 

4.7 

<5 

- 

<5 

- 

Si  /C6C16=56. 0/44.0 

60 

4.6 

31 

4.7 

<5 

- 

<5 

- 

NaN3/SPCW  =  55.0/45.0 

50 

4.2 

29 

4.3 

18 

4.4 

27 

3.9 

NaN3/C6Cl6  =  47.8/52.2 

35 

5.1 

19 

5.2 

25 

4.8 

35 

4.2 

NaN3/PTFE=62 .2/37.8 

59 

4.8 

33 

4.4 

<5 

- 

<5 

- 
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*  -  an  average  value  from  5  experimental  results,  **  -  standard  deviation 

Results  of  the  determinations  were  used  for  calculations  of  the  recoveries  of  the  analytes 
(recovery  is  a  ratio  of  the  analyte  mass  recovered  from  the  sample  to  the  initial  mass  of  the 
analyte  in  the  sample).  Results  of  the  calculations  are  collected  in  Tabs  3  and  4. 


Table  5.  Recovery  of  PAHs 


Combustion  products  of 

Benzo(a)pyrene 

Pyrene 

Anthracene 

Recov. 

SD 

Recov. 

SD 

Recov. 

SD 

NaN3/C6Cl6=57.7/42.3* 

<5 

- 

60 

4.5 

42 

4.7 

CaSi2/C6Cl6=46. 85/53. 15 

<5 

- 

42 

5.1 

37 

4.3 

Si/PTFE=56. 0/74.0 

8 

4.1 

51 

4.6 

21 

4.3 

NaN3/PTFE=62.2/37.8 

13 

4.7 

39 

4.2 

25 

4.4 

*  -  with  an  additive  of  20%  ferrocene 


3.  DISCUSSION 

In  the  SPE  technique,  different  adsorbents  are  used  (e.g.  silica  gel,  silica  gel  with 
chemically  bounded  phases,  ion  exchangers,  and  so  on).  However,  efforts  are  being  made  to 
find  new  adsorbents  with  possibly  specific  retention  properties.  Active  carbons  are  seldom 
used  for  SPE,  because  of  too  large  specific  surface  area  and  consequently  unfavorable 
elution  properties.  The  carbonaceous  materials  sensitized  in  combustion  wave  are 
characterized  by  comparatively  small  specific  surface  area  (ca.  200  m2/g  141 )  and  this  justify 
further  investigations  aiming  at  their  application  as  adsorbents  in  the  SPE. 

The  obtained  results  indicate  that  the  recoveries  of  the  tested  analytes  are  relatively  low 
(in  comparison  with  other  SPE  absorbents).  Nevertheless,  this  characteristic  does  not  seem  to 
limit  the  applicability  of  the  tested  materials.  In  the  case  of  SPE  the  recovery  value  (if  only  at 
the  level  of  a  few  dozen  percent)  has  less  meaning  than  the  standard  deviation,  indicating  the 
reproducibility  of  the  analysis.  This  fact  implies  that  the  materials  can  be  used  to  extract 
analytes  from  water  samples. 

It  should  be  also  underlined  that  the  instrumental  TLC,  used  for  characterization  of  the 
elution  and  retention  parameters  of  the  tested  materials,  is  a  reliable  and  reproducible 
analytical  method,  especially  useful  for  qualitative  analyses  of  a  big  set  of  samples. 
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OF  IGNITER  CHARGE  BKNO3 

FOR  IGNITERS  OF  SOLID  PROPELLANT  ROCKET  MOTORS 

M.  Cieslikowska,  M.  Moskalewicz  and  T.  Wolszakiewicz 
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Abstract 

The  preliminary  results  of  pyrostatic  investigations  of  ignition  tablets  BKN03  were 
prestented.  The  investigations  were  performed  in  especially  designed  for  this  purpose 
rocket  engine  with  established  constant  loading  density.  The  time  of  burning  and 
dynamics  of  process  were  estimated. 

Keyword:  igniter  charge,  solid  propellant,  pyrogenic 


1.  INTRODUCTION 

The  most  of  modern  solid  propellant  rocket  motors  uses  the  pyrogenic  way  of  igniter, 
which  is  based  on  supporting  of  stream  of  heat  during  the  determined  time  to  burning  area  of 
propellant  grain.  Typically  the  igniter  is  a  micro-motor,  in  which  combustion  products  gives 
the  necessary  heat  for  initialisation  of  main  propellant  grain  of  rocket  motor. 

Pyrogen  way  of  ignition  causes  that  it  is  possible  to  predict  the  magnitude  of  heat  stream 
and  time  of  it’s  effect  on  the  main  propellant  grain. 

The  basic  source  of  ignition  is  the  heat  forming  in  the  chamber  of  combustion  from  the 
combustion  of  igniter  charge.  This  charge  is  formed  as  a  different  shape  i.e.:  granules,  tablets 
and  blocks,  depends  on  the  size  of  main  motor.  The  most  often  encountered  igniter  charge  is 
a  mass  based  on  the  mixture  of  pure  boron  and  potassium  nitrate.  This  mass  is  an  efficient 
source  of  heat,  it  is  applicable  for  conversion  and  remains  stable.  It’s  common  application 
lead  to  establishing  the  standard  for  material  and  it’s  shape  and  one  of  them  is 
MIL  -  P  -  46994B. 

The  ballistic  properties  of  this  mass  were  examined  to  determine  burning  rate  law  and 
burning  rate  in  open  and  closed  volume. 

Dynamics  of  pressure  course  is  ascribed  by  first  derivative  of  measured  pressure  in  a 
time  unit.  It  can  be  determined  for  any  time  range.  The  dynamics  of  pressure  growth 
characterizing  the  beginning  of  combustion  and  dynamics  of  pressure  fall  characterizing  of 
processes  of  finish  burning  after  BKNO3  tablets  combustion  13,41  were  examined.  The 
experiments  were  carried  out  in  constant  conditions  and  the  critical  diameter  of  nozzle  was 
changed. 

2.  THE  DESCRIPTION  OF  EQUIPMENT 

The  micro-motor  of  the  rocket  to  determine  the  ballistic  parameters  was  built  according 
to  figure  1.  This  motor  has  the  constant  density  of  loading  A  =  0.3  g/cm  ,  the  constant 
diaphragm  which  made  possible  partial  combustion  in  closed  volume  and  a  nozzle  with 
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changeable  critical  diameter  of  flow.  The  conditions  of  sample  preparation  was  presented  in 
Table  1. 


Fig  1.  Case  of  micro-motor  design  symbols: 

1  -  igniter  hardware,  2  -  primer,  3  -  case, 

4  -  sample  of  BKN03  pellets,  5  -  nozzle, 

6  -  alumina  diaphragm,  7  -  pressure  sensor 

Table  1. 


No  of 
sample 

Mass  (g) 

dkr  (mm) 

Diaphragm 

1 

3.6 

2.0 

Alumina 

2 

3.6 

2.0 

Alumina 

3 

3.6 

2.5 

Alumina 

4 

3.6 

2.5 

Alumina 

5 

3.6 

3.0 

Alumina 

6 

3.6 

3.0 

Alumina 

7 

3.6 

2.0 

Not  used 

8 

3.6 

2.5 

Not  used 

The  measurements  of  p(t)  for  samples  was  performed  using  for  combustion  three  tablets 
type  II  B  bi-convex  according  to  M1L-P-46994B.  In  every  sample  the  ignition  was  initiated 
by  electric  primer  MB2N  according  to  SWW1333.  Outlet  of  nozzle  was  fenced  off  by 
alumina  diaphragm  with  thickness  0.1mm. 
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To  examine  this  results  the  method  applied  for  estimation  of  operation  the  small  rocket 
motors  was  used  f3’4',  according  to  figure  2. 


Fig  2.  The  method  of  pressure  calculation  by  average  route  of  function  p(t) 
The  average  pressure  in  every  sample  was  determined  using  the  equation  : 


.  5>. 

p=— —  a) 

n 

where:  pi  -  pressure  at  i  point 
n  -  amount  of  results 

The  time  of  combustion  of  sample  ts  was  determined  as  a  time  between  the  beginning 
and  the  end  of  course  p(t)  at  the  level  0.15  [MPa].  The  pressure  0.15  [MPa]  established  as  a 
beginning  pressure  for  independent  combustion  of  BKNO3  pellet  (in  the  growing  area  of  the 
curve)  and  pure  decompression  without  finish  burning  in  the  drop  of  the  curve.  This  criterion 
was  accepted  as  preliminary,  used  in  engineering  practice  [4'. 

The  combustion  rate  of  sample  was  determined  from  the  equation: 


(2) 


where:  e  -  thickness  of  burning  layer  established  for  chosen  type  of  pellet 

For  every  sample  the  relation  between  burning  rate  and  average  pressure 

established  and  on  this  base  this  dependence  was  calculated  and  compared 
data  from  f1'  for  p  =  0.1  [MPa] 


as  1.65  [mm] 


u  =  f 


P 

V  2 


was 


with  literature 
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Cisnienie  [MPa]  Cisnienie  [MPa] 


CURVES  OF  COMBUSTION 


The  registered  curves  of  combustion  was  presented  in  figures  3  h-  5. 


Nozzle  diameter  dkr  =2. Omm 


0,2  0,24 

Czas  [s] 


Fig  3.  Sample  of  combustion  whit  nozzle  diameter  dkr  =2. Omm 


Nozzle  diameter  dkr  =2. 5mm 


Fig  4.  Sample  of  combustion  whit  nozzle  diameter  dkr  =2. 5mm 
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Nozzle  diameter  dkr  =3m m 


Fig  5.  Sample  of  combustion  whit  nozzle  diameter  dkr  =3. Omm 


We  have  observed  basing  on  this  curves  that: 

■  There  is  a  great  similarity  of  curves  courses  for  the  measurements  performed 
in  the  same  conditions  of  combustion  of  sample  and  it  proves  the  repetability 
of  these  processes; 

■  There  is  no  characteristic  peaks  for  samples  and  it  is  caused  by  shape  of 
tablets  with  two  steps  of  regressivity; 

■  Dynamics  of  increase  of  pressure  to  the  level  1  [MPa]  is  similar  in  every 
sample; 

■  Dynamics  of  decrease  of  pressure  from  the  level  1  [MPa]  is  similar  as  in 
every  sample 

■  Dynamics  of  growing  and  decline  of  pressure  depends  negligible  on  critical 
diameter  of  nozzle  in  examined  range  of  dimension  dkr 


ANALYSIS  OF  RESULTS 

The  interpretation  of  results  was  made  by  method  described  in  point  2.  Additionally  the 
dynamic  of  process  and  relation  p(t)  in  characteristic  points  i.e.  the  beginning,  in  the  middle 
and  final  phase  was  presented. 

The  value  of  +  ^10  was  determined  from  the  curve  (calculated  by  graphic 
dt 

differentiation)  taking  into  account  the  values  from  0.15  [MPa]  to  1  [MPa]  in  the  part  of 
increase  of  pressure 
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and  from  1  [MPa]  to  0.15  [MPa]  in  the  part  of  decrease  of  pressure.  The  level 


~dpm 
dt 

1  [MPa]  was  considered  for  the  estimation  of  dynamics.  For  the  same  periods  of  time  in  the 
curve,  the  time  t\0  i  t  w  was  determined.  The  results  were  presented  in  Table  2. 


Table  2. 


No 

sample 

p  [atm] 

t  [s] 

+  dPi  o 
dt 

t  + 

1  10 

~dpx  o 
dt 

^10 

Burning 

rate 

u  [mm/s] 

1 

13.488 

0.104 

736.36 

0.011 

279.31 

0.029 

15.86 

2 

12.284 

0.109 

1077.78 

0.009 

227.03 

0.037 

15.14 

3 

10.248 

0.084 

840.00 

0.011 

280.00 

0.030 

19.64 

4 

10.160 

0.101 

933.33 

0.009 

240.00 

0.035 

16.33 

5 

10.624 

0.086 

944.44 

0.009 

337.50 

0.024 

19.18 

6 

9.010 

0.099 

1062.50 

0.008 

262.50 

0.032 

16.66 

7 

12.946 

0.094 

1050.00 

0.008 

322.22 

0.027 

17.55 

8 

11.852 

0.084 

1157.14 

0.007 

442.10 

0.019 

19.64 

Where: 


p  -  average  pressure  in  the  registrated  curve  estimated  by  metod  given  in  the  Figure 
2 


t  -  average  time  of  combustion  estimated  by  in  a  level  of  0.15  [MPa]  according  the 
Figure  2 


+  dplQ 
dt 


-  the  derivative  of  pressure  growth  in  the  interval  of  time  from  0.15  [MPa]  to 


1  [MPa]  in  the  area  of  increase  expressed  in  [atm/s] 

t+  -  time  of  pressure  increase  from  0.15  [MPa]  to  1  [MPa]  expressed  in  [s] 

~dpx  o 


dt 


-  the  derivative  of  pressure  decrease  in  the  interval  of  time  from  1  [MPa]  to 


0.15  [MPa]  expressed  in  [atm/s] 

tw  -  time  of  pressure  decrease  from  1  [MPa]  to  0.15  [MPa]  in  [s] 
u  -  rate  of  combustion  calculated  form  the  equation  [21  in  [mm/s] 
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was  counted  whit  Excel  programme  as  the  trends  curve 


The  dependence  of  u 


f 


P 

\  J 


which  is  presented  in  figure  6. 


the  burning  rate  law  u=f(p) 


Fig  6.  Dependence  of  burning  rate  for  BKNO3  tablets  as  a  function  of  pressure 

According  Fig. 6  was  assigned  the  burning  rate  law  as:  u  =  -0.2831p  +  20.707 

The  results  allowed  to  observe  the  dependence  of  combustion  decrease  rate  as  a  function 
of  pressure.  In  the  ranges  of  examined  pressures  the  dependence  is  -  0.28mm/MPa  . 

This  experimental  value  is  twice  as  high  as  published  in  literature  f11  for  the  pressure 
0.1  [MPa]. 
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CONCLUSION 


1 .  The  BKNO3  mass  properties  cannot  be  described  by  typical  expotential  burning 
rate  law  -  depending  on  a  pressure; 

2.  The  average  measured  rate  of  combustion  was  from  15. 14M9.68  [mm/s]; 

3.  It  cannot  be  observed  in  examined  system  any  significant  changes  in  dynamics  of 
increase  the  pressure  till  the  level  of  IMPa  and  in  dynamics  of  decrease  the 
pressure  from  1  [MPa]; 

4.  It  can  be  supposed  that  the  burning  rate  of  this  mass  is  dependent  on  the  rate  of 
products  of  combustion  flow  than  is  susceptible  on  erosive  burning. 

5.  The  examination  of  mass  BKNO3  properties  will  be  continued. 
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Abstract: 

Butyl-NENA  was  synthesized  by  two-step  reaction  in  laboratory  and  pilot  plant  scale. 
The  product  was  identified  by  means  of!H,  15N  NMR  spectra,  IR  spectra  and  elementary 
analysis.  Purity  of  the  sample  was  determined  by  HPLC.  Evaluated  parameters  were 
sensitivity  to  impact,  DTA  analysis  and  acidity  of  Bu-NENA.  The  results,  especially  with 
regard  to  utilization  of  Bu-NENA  as  a  component  of  propellants  and  explosives,  are 
discussed. 

Keywords:  Bu-NENA,  synthesis,  plasticizer 


1.  INTRODUCTION 

Nitratoethylnitramines,  known  as  NENA-compounds,  have  recently  been  discovered  to 
be  potentially  very  useful  ingredients  in  propellants  and  explosives.  This  is  due  to  increasing 
demand  for  developing  less  sensitive  propellants  and  explosive  compositions. 

Alkyl-NENAs  were  first  discovered  in  the  early  part  of  the  Second  World  War  by  the 
scientists  George  Wright  and  Walter  Chute  at  the  University  of  Toronto  111 . 

Alkyl-NENAs  include  both  nitrate  group  and  nitramino  group.  NENA  compounds  are 
highly  interesting  compounds  for  rocket  propellants  and  LOVA  ammunition.  Energetic 
materials,  which  include  alkyl-NENAs,  have  numerous  advantages.  Their  well  known 
property  is  the  ability  to  readily  plasticize  polymers  (e.g.  nitrocellulose). 

In  the  last  years  special  interest  is  paid  to  Bu-NENA.  Substitution  of  Bu-NENA  for  NG 
(nitroglycerin)  in  both  propellants  and  explosives  brings  along  improvement  in  safety.  This 
type  of  propellants  and  explosives  meets  the  present  military  requirements  for  advanced 
ammunition.  Bu-NENA  has  improved  thermochemical  properties  and  will  be  in  addition,  it 
is  particularly  good  nitrocellulose  plasticizer.  Bu-NENA  is  expected  to  be  use  as  additives  to 
energetic  material. 

1.1  Published  properties  of  Bu-NENA 

Bu-N-CH2-CH2-0-N02 

no2 
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Table  1.  Published  properties  ofBu-NENA 


Compound 

N-(l  -butyl)-N-(2-nitroxyethyl)nitramine 

Formula  index 

c6h13n3o5 

Chemical  Abstract  (CAS) 

82486-82-6 

Molecular  weight  [g.mof1] 

207.2 

Oxygen  balance  (CO2,  FEO,  N2)  [%] 

-104.3 

Melting  point  [°C] 

-9.1  r2] 

Boiling  point  [°C] 

205  f3] 

Index  of  refraction 

1.475  f2] 

Density  [g.cm  ] 

1.22  [2] 

Enthalpy  of  formation  [kJ.moF1] 

-192.46  f4] 

-139.75  f4] 

-192.88  [4] 

2.  EXPERIMENTAL 

Bu-NENA  was  prepared  by  2-step  reaction  by  modified  procedure  mentioned  in  the 
paper111.  Starting  material  is  commercially  available  2-butylaminoethanol.  In  the  first 
reaction  step  nitric  acid  reacts  with  2-butylaminoethanol  under  formination  of  N-butyl-N-(2- 
nitroxyethyl)nitrate.  This  reaction  is  strongly  exothermic.  In  the  second  reaction  step  a 
solution  of  acetic  anhydride  and  catalyst  (ZnCE)  reacts  with  N-butyl-N-(2- 
nitroxyethyl)nitrate  under  formination  ofBu-NENA  and  acetic  acid. 

Ukl^  ~  o  CHo-CHo-O-NOo 

HN03  ©  ©  Ac20  /  1  z  1 

Bu-NH-CH2-CH2-OH  - [NH2— CH2— CH2— O— N02]  N03  - ►  OoN-N  +  CHpCOOH 

I  ZnCI2  \  J 

Bu  Bu 

2.1  Identification,  purity  and  properties  of  Bu-NENA 
Elementary  analysis 


C 

H 

H 

Calculated  [%]: 

34.78 

20.29 

6.28 

Found  [%]: 

35.01 

20.41 

6.18 
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IR  spectrum 

IR  spectra  were  measured  on  apparatus  IMPACT  410.  The  sample  was  scanned  in  the 
area  4,000  -  600  cm"1.  The  results  of  measurements  were  compared  with  STANAG  4583 
values  (draft  July  03)  and  Shen  Qionga  r5'  values. 


Table  2.  IR  spectra  of  Bu-NENA. 


Group 

Literature fS| 

Measured  values 

STANAG  (draft) 

-NO2  (nitrate) 

1650  cm"1 

1633  cm"1 

1625  cm'1 

-NO2  (nitramine) 

1525  cm'1 

1514  cm"1 

1518  cm'1 

-NO2  (nitrate) 

1280  cm'1 

1272  cm'1 

1236  cm'1 

-O-N  (nitrate) 

850  cm"1 

847  cm"1 

842  cm'1 
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NMR  spectrum 

NMR  measurements  were  carried  out  at  Joint  Laboratory  of  Pardubice  University  and 
VUOS,  Pardubice-Rybitvi. 1 H  and  15N  NMR  spectra  of  Bu-NENA  were  measured  by  means 
of  Braker  AMX  360  spectrometer  at  25°C. 


Current  Data  Parameters 
NAME  wOouchacky 


Fig  2.  !H  NMR  spectrum  of  Bu-NENA. 
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CH37-CH26-CH25-CH24-N3-(N02)CH22-CH21-0-N02 

Table  3.  Chemical  shifts  of]HNMR  spectrum  of  Bu-NENA. 


Shifts 

(ppm) 

Group 

0.82 

ch37 

1.22 

ch26 

1.54 

ch2s 

3.65 

ch24 

3.96 

ch22 

4.63 

ch2‘ 

5.20 

CH2  from  CH2C12 

15  N 


Current  Data  Parameters 
NAME  wbfluchacky 
EXPNO  13 
PAOCNO  1 


F2  -  Acquisition  Parameters 
Date_  500000 

Time  6.22 

INSTRUM  sqect 

PAOBHD  -  09 

PLJLPRQG  zgpg 

TO  65536 

solvent:-  .  com 

NS  -  24576 

DS  4 

SWH *  ,  ‘  22727.273  Hz 

FIDFIES  '  .  ’  0.346791  Hz 

AQ  ■-  .  ,  1.4^10420  sec 

RB  .  16304 

DH  •'  '  22.000  usee 

DE  *  -  31.43  usee 

TE  •  '  *  300.0  k 

HLl  3  dB 

D1  •  •  V‘  0.50000000  sec 

CPOPRG-  ’  waltz  16 

P31  .  90.00  usee 

S4  26  dB 

Dll  x  0.03000000  sec 

S2  22  dB 

Pi  5.00  usee 

DE  31 .43  usee 

SF01  36.5010000  MHz 

NUCLEUS  15N 


F2  -  Processing  parameters 
SI  9392 

5F  36  5060021  MHz 

WOH  £M 

E?!0  1  Ofl  HZ 

SB  0 

PC  1.40 


ID  NMR  plot  parameters 
CX  22  00  cm 

F IP  170.000  ppm 

FI  6206 . 02  Hz 

E2P  -400.000  ppm 

F?  -14602.40  Hz 

PPMCM  25.90909  ppm/i 

HZCM  945.03720  Hz/cf 


Fig  3.  15N  NMR  spectmm  of  Bu-NENA. 
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Table  4.  Chemical  shifts  of15NNMR  spectrum  ofBu-NENA. 


Shifts 

(ppm) 

Group 

-203.7 

n-no2 

-44.9 

o-no2 

-30.3 

n-no2 

Purity 

The  content  of  Bu-NENA  was  determined  by  using  HPLC  method. 

Column:  Separon  SGX  C18 

Mobile  phase:  Acetonitrile/water  50:50 

Detector:  UV/DAD  240  nm 

Flow  rate:  1.0  ml/min 

Column  temperature:  30°C 

The  first  peak  in  the  chromatogram  corresponds  with  N-butyl-N-(2-acetoxyethyl)- 
nitramine  (Bu-AENA). 

The  second  peak  in  the  chromatogram  corresponds  with  N-butyl-N-(2-nitroxyethyl)- 
nitramine  (Bu-NENA). 


mAU  ; 
700  - 

600  - 
500  - 
400 
300  ; 

200  y 
100  4 

o  ~~ 


co  r\y 
«<&*■ 


Peak  RetTime  Sig  Type  Area 

#  [min]  [mAU*s] 


1  5.618  1  MF  220.76303 

2  7.887  1  MF  8568.04004 


Height  Height 

[mAU]  % 

25.46175  '  3.2980 

746.56976  96.7020 


Totals 


8788.80307  772.03152 


Results  obtained  with  enhanced  integrator! 


Fig  4.  HPLC  chromatogram  of  Bu-NENA. 
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2.2  Some  properties  of  Bu-NENA 
DTA 

DTA  measurement  was  carried  out  on  apparatus  DTA-550  Ex.  The  sample  weight  was 
50  mg.  Heating  rate  used  was  5  °C/min. 

DTA  thermogram  (figure  5)  contains  one  exotherm  peak  starting  at  153°C  and  with 
maximum  at  191°C. 


Fig  5.  DTA  thermogram  of  Bu-NENA. 


Sensitivity  to  impact  of  Bu-NENA 

Sensitivity  to  impact  was  more  than  100  cm  (5  kg  drop-weight  BAM  apparatus) 


Acidity 

Bu-NENA  was  dissolved  in  acetone  and  titrated  with  alcoholic  solution  of  potassium 
hydroxide  (KOH)  with  bromocresol  green  as  indicator  until  the  solution  develops  changes 
the  colour  to  green.  Reference  solution  is  used  to  determine  equivalence  point. 
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Calculation: 

H2S04(%)  =  4,9*(A-B)*tt; 

Where:  A  =  ml  used  of  KOH  in  the  titration  of  the  sample 

B  =  ml  used  of  KOH  in  the  titration  of  the  blank 
W  =  weight  of  sample 
N  =  normality  of  KOH 
Result:  0.006  %  H2S04 

3.  CONCLUSION 

The  synthesis  was  studied  at  different  reaction  conditions.  During  the  research  optimal 
conditions  were  found  with  regard  to  safety,  yield,  purity  and  scale  up  production.  Molar 
ratios  of  starting  compounds  and  reaction  temperatures  are  in  accordance  with  published 
values.  Bu-NENA  was  prepared  in  laboratory  scale  with  the  yield  65-69  %,  with  purity  in 
range  95-97  %.  After  laboratory  research  the  first  pilot-plant  experiment  was  realized. 
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Abstract: 

The  aim  of  this  study  is  an  identification  of products  after  combustion  of  smokeless 
powders  and  solid  propellants.  In  first  a  sample  of  smokeless  powder  was  burnt  on 
the  clean  sand.  Than  an  isolation  of  compounds  from  this  sand  was  tried.  The 
accelerated  solvent  extraction  and  ultrasonication  were  used  for  the  isolation  of 
these  compounds.  Gas  chromatography  GC  17 A  with  mass  spectrometry  detector 
QP505A  was  used  for  an  identification  of  compounds. 

Keywords:  extraction,  propellant,  GC/MS,  accelerated  solvent  extraction, 

combustion 


1.  INTRODUCTION 

Old  smokeless  powders  must  be  liquidated  because  stabilisator  content  is  low.  This 
smokeless  powder  is  unstable  and  dangerous  for  people.  The  liquidation  of  smokeless 
powders  could  be  executed  realise  with  their  burning.  A  knowledge  of  compounds 
arising  out  of  smokeless  powders  is  necessary  for  specification  their  effect  to  the 
environmet. 

First  step  is  an  isolation  of  these  compounds  from  sample.  The  classical  111 
extraction  methods  (soxhlet,  ultrasonication)  and  new  extraction  techniques  (accelerated 
121  solvent  extraction,  supercritical  fluid  131  extraction)  are  used  for  it. 

In  principle,  accelerated  solvent  extraction  (ASE)  is  an  extraction  process  taking 
place  in  the  solid  /  liquid  phase  system  and  being  performed  at  a  increased  temperature 
(50-200°C),  increased  pressure  (5-20  MPa)  and  within  a  relatively  short  time  interval 
(max.  20  min.) 

In  order  to  perform  ASE,  the  same  solvents  as  for  Soxhlet  extraction  can  be  used. 
More  over,  it  is  possible  to  choose  even  such  solvents  that  are  less  effective  when  used 
in  classical  techniques.  This  is  due  to  specially  enhanced  extraction  kinetics  of  the 
extraction  process  in  ASE.  Very  advantageous  is  that  extraction  work  with  ASE  can  be 
made  under  conditions  of  liquid  phase.  This  allows  one  to  use  even  mixed  solvents,  as 
there  is  no  risk  of  distilling  one  component  separately. 
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2. 


EXPERIMENTAL  PART 


A  sample  of  propellants  was  used  for  these  experiments.  These  contains  a  nitro¬ 
cellulose;  a  diphenylamine  or  centralite  I  as  stabiliser;  an  aromatic  nitrotoluene,  a 
nitroglycerine  and  a  nitroguanidine  as  energetic  compound  and  a  phthalates  as 
plasticizers. 

Sample  of  a  smokeless  powder  and  propellants  (about  5g)  were  burnt  on  sand. 
Before  combustion  the  sand  was  cleaned  in  the  water  eight  times  and  than  was  dried  in 
an  oven  (150°C)  for  8  hours.  The  sample  of  the  sand  (about  50g)  was  extracted  to  50ml 
of  solvent  in  ultrasonicate  bath  for  20  minutes,  filtered  and  most  of  the  solvent  was 
evaporated  to  volume  1  ml. 

Also  accelerated  solvent  extraction  was  used  as  a  comparative  extraction  technique. 
After  pre-treatment,  weight  amount  of  sample  was  placed  into  extraction  cell  with  a 
portion  of  glass  wool  on  the  bottom.  Next  portion  of  wool  was  laid  on  the  surface  of  the 
sample  and  the  remaining  volume  of  the  cell  was  filled  up  with  glass  balls.  After 
inserting  prepared  cell  into  extractor  heating  oven,  the  desired  value  of  both  temperature 
and  pressure  were  adjusted  by  means  of  extraction  solvent. 

Two  extraction  steps  were  performed  when  the  extract  was  being  entrapped  into  the 
same  collecting  vessel.  The  conditions  for  extraction  were  as  follows:  weight  amount 
about  15  g  of  sand  and  extracted  at  temperature  110  °C  and  pressure  10  MPa  end 
extraction  time  was  twice  10  minutes.  Acetonitrile  was  used  as  a  solvent  for  both 
extraction  methods. 

In  the  next  experiments  propellants  were  burnt  on  a  bowl  without  the  sand.  A  rest  of 
propellant  was  washed  down  with  20  ml  of  an  acetonitrile.  This  extract  was  evaporated 
to  volume  1ml  and  it  was  analyzed. 

The  extracts  obtained  were  analysed  by  using  of  the  gas  chromatograph  GC  17A 
coupled  with  mass  spectrometry  detector  QP  5 050 A  (El,  NCI,  both  Shimadzu)  and 
GC/MS  solution  data  system  (Shimadzu).  The  helium  (grade  5.0,  Linde)  was  used  as 
carrier  gas.  Separations  were  performed  on  a  30m  x  25pm  i.d.  capillary  column  coated 
with  a  0,25  pm  film  of  polymethylsiloxane  (DB-5  MS).  Split  injection  1:10  was  used. 
The  column  oven  was  isothermally  maintained  at  45 °C  for  5  minutes  and  than 
temperature  increase  for  20°C/min  to  280°C  which  was  kept  for  5  minutes.  The 
temperature  of  injector  was  220°C  and  the  temperature  of  interface  was  230°C.  The 
identification  of  compounds  was  based  on  the  comparison  their  mass  spectrum  with  the 
spectrum  in  the  library  (NIST  62  and  NIST  12,  Shimadzu). 
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3. 


RESULTS  AND  DISCUSSION 


The  propellants,  which  contained  a  nitro-cellulose,  a  diphenylamine,  a  centralite,  an 
aromatic  nitrotoluene,  nitroglycerine,  a  nitroguanidine  and  a  phthalates  were  burnt  on 
the  clean.  Next  samples  from  sand  were  extracted  to  the  acetonitrile  and  they  were 
analysed  with  gas  chromatography  with  mass  detector.  Mass  spectrums  in  the  peaks 
were  compared  with  library.  Some  of  the  peaks  were  identified,  but  any  peaks  were  not 
identified  with  the  library.  These  peaks  we  will  try  to  identify.  We  will  try  to  interpret 
their  mass  spectrum.  The  better  extraction  efficiency  results  from  our  experiments  for 
accelerated  solvent  extraction  than  ultrasonic  extraction.  More  peaks  were  found  in  the 
extract  from  accelerated  solvent  extraction,  but  the  more  peaks  were  not  unfortunately 
identified.  Diphenylamine  and  dibutylphthalate  there  was  found.  These  compounds  are 
from  original  propellants.  N,N-diethyl-3-methyl-benzamine  was  identified.  It  could  be 
any  degradation  products  of  the  diphenylamine.  These  compounds  were  found  in  both 
extracts  (accelerated  solvent  extraction  and  ultrasonic  extraction).  One  of  the 
chromatogram  is  shown  on  the  figure  1.  Aliphatic  hydrocarbons  (undecane,  tridecane 
and  hexadecane),  benzene  and  phthalates  were  identified  in  extracts  from  accelerated 
solvent  extraction. 

intensity 


Fig  1.  Chromatogram  of  extract  from  sand 

Because  a  few  peaks  were  found,  we  tried  to  burn  5g  of  propellant  without  sand. 
We  burnt  it  direct  on  the  clear  tinny  bowl.  A  rest  of  propellant  was  washed  down  with 
20  ml  of  an  acetonitrile.  This  extract  was  evaporated  to  volume  1ml  and  it  was  analysed. 
More  compounds  were  identified  in  these  extracts.  Diphenylamine,  centralite  I, 
phthalates  and  2,4,6-trinitrotoluene  come  from  original  propellants.  1,3-  and  1,4- 
dinitrotoluene,  toluene,  benzene,  l-methyl-2-nitrobenzene,  1 -methyl-4-nitrobenzene  and 
N,N-diethyl-3-methyl-benzamine  was  identified.  It  could  be  any  degradation  products 
of  the  compounds,  which  were  in  original  propellants.  One  of  the  chromatogram  is 
shown  on  the  figure  2. 
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intenzita 


Fig  2.  Chromatogram  of  acetonitrile  extract  from  clear  tinny  bowl 

The  nitroglycerine  a  nitroguanidine  were  not  found  in  any  extracts.  These 
compounds  are  thermally  labile  and  they  completely  bum  to  the  carbon  dioxide,  water 
and  the  other  gaseous  compounds. 


4.  CONCLUSION 

Perform  experiments  have  been  confirmed  the  fact,  that  accelerated  solvent 
extraction  is  better  then  ultrasonic  extraction.  Almost  of  the  propellants  completely  burn 
to  the  carbon  dioxide,  water  and  the  other  gaseous  compounds.  We  achieved  the  best 
results  after  combustion  of  propellants  on  the  clear  tinny  bowl. 
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Abstract: 

The  work  summarizes  knowledge  about  Dinitrobiuret  (DNB)  -  about  its  important 
explosives  characteristics  and  parameters.  It  is  focused  on  preparation,  determination 
of  molecular  structures  and  the  results  of  IR-Raman  and  multinuclear  NMR 
spectroscopic  investigations. 

Keywords:  dinitrobiuret,  DNB,  explosives,  high  energy  density  materials 


1.  INTRODUCTION 

In  recent  years  there  has  been  great  interest  in  the  development  of  new  solid  high- 
energetic  materials.  Desired  properties  for  this  class  of  compounds  are  a  halogen-free, 
nitrogen-  and  oxygen-rich  composition,  high  density  and  a  large  positive  heat  of  formation 
1  '.  Compounds  with  TV-bonded  nitro  groups,  such  as  dinitrourea  (DNU)  and  dinitramide  salts 
are  used  as  explosives  and  propellants  [2,  3’  41 .  However  a  disadvantage  of  these  energetic 
compounds  is  their  sensibility,  which  makes  them  more  or  less  difficult  to  handle. 

Dinitrobiuret  (DNB)  was  synthesized  more  than  100  years  ago  fS|.  Although  known  for  a 
long  time,  surprisingly  little  is  known  about  its  properties.  Like  dinitrourea  DNB  also 
contains  A-bonded  NCB-groups,  but  compared  to  DNU  it  is  much  more  stable  and  easier  to 
handle.  DNB  (1)  can  be  readily  deprotonated  to  form  stable  salts  with  different  cations. 

2.  EXPERIMENTS  AND  RESULTS 

Here  we  describe  the  preparation,  molecular  structures  and  the  results  of  IR,  Raman  and 
multinuclear  NMR  spectroscopic  investigations  of  1  as  well  as  of  its  K+,  Ba+2  and  N2H5+ 
salts  (2).  Their  possible  use  as  starting  materials  for  the  synthesis  of  new  high-performance 
energetic  materials  with  positive  oxygen  balance,  oxidizing  and  reducing  groups  within  the 
same  compound,  is  discussed. 


o  o  o  o 

1  2  M  =  K+,  Ba2+,  N2H5+ 

Fig  1.  DNB  and  its  salts 
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DNB  was  readily  prepared  by  nitration  of  mononitrobiuret  at  low  temperature  with 
100%  HNO3.  Salts  of  1  were  synthesized  by  an  acid-base  reaction  with  metal  hydroxides  or 
N2H4H2O  in  alcohols.  After  recrystallization  they  were  characterized  by  vibrational 
spectroscopy  and  single  crystal  X-ray  diffraction. 

Single  crystals  suitable  for  X-ray  analysis  for  dinitrobiuret  monohydrate,  dikalium 
dinitrobiuretate  monohydrate,  barium  dinitrobiuretate  dihydrate  and  hydrazinium 
dinitrobiuretate  were  obtained  by  evaporation  of  their  solvents  (ethanol,  water).  The 
observed  molecular  structures  (ORTEP  plot)  and  the  packing  diagrams  for  some  of  these 
compounds  are  shown  in  Figures  2  and  3. 


%-o 


Fig  2.  ORTEP  plot  (50%  probability)  and  packing  diagram  of  dinitrobiuret 
monohydrate 


Fig  3.  ORTEP  plot  (50%  probability)  and  packing  diagram 
of  dikalium  dinitrobiuretate  monohydrate 


In  the  crystal  of  DNB  and  its  salts  the  biuret-framework  is  planar  with  the  nitro  groups 
arranged  in  the  same  plane. 

DND  was  characterized  in  detail  with  *H,  13C{1H},  14N  and  15N  NMR  spectroscopy.  In 
the  15N{!H}  NMR  spectra  of  1  the  different  NOE  observed  for  the  different  nitrogen  nuclei 
in  the  molecule  is  related  to  their  structure. 
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Dinitrobiuret  has  a  high  density  and  a  positive  oxygen  balance  (+  4.1%).  It  was  found  to 
be  not  sensitive  to  impact  and  friction.  The  heat  of  combustion  (A//comb.)  of  DNB  was 
determined  experimentally  using  oxygen  bomb  calorimetry:  A//comb.  =  5195  ±  200  kJ  kg"1. 
The  standard  heat  of  formation  ( AH°f )  of  dinitrobiuret  was  obtained  on  the  basis  of  quantum 
chemical  computations  at  the  electron-correlated  ab  initio  MP2  (second  order  Moller-Plesset 
perturbation  theory)  level  of  theory  using  a  correlation  consistent  double -zeta  basis  set  (cc- 
pV-DZ):  AH°f=  -  353  kJ  mol'1. 

The  detonation  velocity  (D)  and  detonation  pressure  ( P )  of  DNB  were  calculated  using 
the  empirical  equations  by  Kamlet  and  Jacobs:  D  =  8660  m  s'1,  P  =  33.9  GPa  f6]. 

3.  CONCLUSIONS 

Dinitrobiuret  is  very  powerful  and  promising  new  explosive  with  positive  oxygen 
balance  (+4.1%),  it  shows  detonation  velocity  and  detonation  pressure  similar  to  well 
established  energetic  materials  such  as  PETN,  RDX  or  HMX.  The  crystal  structures  of 
dinitrobiuret  and  some  its  salts  was  determined  for  the  first  time 
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Abstract: 

We  present  experimental  results  derived  by  the  effect  of  a  high  power  ultrasound  on 
melts  of  explosives  and  solutions  of  propellants.  An  effect  of  increase  of  the  speed  of 
formation  of  crystallisation  centers  have  been  identified  for  2,4,6-trinitrotoluene  and 
mixtures  on  its  base.  We  investigated  the  kinetics  of  destruction  of  nitrocellulose  in 
ultrasound  field  in  solution  of  gunpowders. 

Keywords:  ultrasound,  explosives,  propellants 


1.  INTRODUCTION 

Ultrasound  methods  in  the  production  and  exploitation  of  energetic  materials  can  be 
used  in  two  directions-control  and  defectoscopy,  as  well  as  in  treatment  in  liquid 
environment.  Ultrasonic  technique  with  low  intensity  is  used  for  measuring  the  rate  of 
burning  of  propellants,  for  control  of  the  structure  and  the  defects  of  propellant  charges  [1,  \ 
Ultrasound  treatment  with  high-power  ultrasound  is  effective  in  liquid  environment  and  is 
related  to  cavitation  bubbles  formation.The  treatment  of  organic  substance  melts  with 
powerful  ultrasound  leads  to  the  increasing  of  the  rate  of  crystallization,  gas-cleaning, 
intensification  of  cooling,  increasing  of  density  and  improving  of  the  casting  structure  f3'. 
Analogically  it  could  be  presumed  that  the  ultrasound  processing  during  the  explosive 
crystallization  in  the  corpus  of  the  ammunition  would  lead  to  improvement  of  the  explosive 
charge  quality.  Ultrasonic  processing  of  gunpowder  solutions  leads  to  destruction  of  the 
nitrocellulous  macromolecules  in  single  base  propellants  (SBP)  which  is  of  great  importance 
for  their  utilizations. 

The  aim  of  the  research  is  to  investigate: 

•  the  possibility  of  detonation  initiation  during  the  processing  of  melts  of  2,4,6- 
trinitrotoluene  (TNT)  and  mixtures  on  its  base  (TRDX-82)  in  ultrasonic  field; 

•  the  influence  of  the  ultrasound  on  the  rate  of  crystallization  centers  formation 
(RCCF)  for  TNT  and  TRDX-82; 

•  kinetics  of  destruction  of  nitrocellulose  (NC)  in  ultrasonic  field  in  solution  of 
single  base  propellants  (SBP). 
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The  scientific  data  of  the  sensitivity  of  liquid  explosives  to  the  ultrasound  initial  impulse 
are  inadequite  and  contradictory.  The  data  for  the  influence  of  the  ultrasound  on  the 
crystallization  kinetics  of  the  TNT  and  TRDX-82  are  missing. 

2.  THE  SENSITIVITY  OF  LIQUID  EXPLOSIVES  TO  ULTRASOUND 
INITIAL  IMPULSE 

We  study  the  following  theoretical  model: 

1 .  During  the  ultrasound  treatment  there  are  generated  cavitation  bubbles  in  the  explosive 
melt.  When  they  are  closed  in  the  fluid  micro-impact  waves  are  spread. 

2.  We  consider  each  cavitation  bubble  forms  a  possible  centre  of  detonation  stimulation. 

3.  The  theory  of  “hot  spots”  ,4'  is  applied  to  each  bubble  formed  in  the  melt.  According  to 
this  theory  two  conditions  are  necessary  for  generating  detonation  nucleus: 

•  the  nucleus  temperature  must  be  higher  than  the  critical  one; 

•  the  time  for  the  processing  of  the  cavitation  micro-impact  waves  must  be  longer 
than  the  time,  needed  for  the  completing  the  chemical  reaction  of  the  explosive 
decomposition.  By  calculation  and  comparing  the  two  values  we  make  a 
conclusion  for  the  explosive  sensitivity. 


According  to  f51  the  temperature  in  the  cavitation  bubble  is  about  2700°C,  regardless  of 
the  kind  of  the  fluid.  The  critical  temperature  for  the  stimulation  of  explosive  decomposition 
in  the  "hot  spots"  depends  on  their  volume.  The  radius  of  the  detonation  stimulation  centre  is 
determined  by  the  volume  of  micro-impact  waves,  which  is  10 ~6m.  The  critical  temperature 
for  decomposing  of  the  explosive  at  this  radius  is  400-1000  °C  [4'.  We  conclude  that  the 
temperature  around  the  closing  cavitation  bubbles  is  higher  than  the  critical  one  for 
detonation  stimulation. 

The  time,  required  for  completing  the  chemical  reaction  in  the  nucleus  of  detonation 
is  10'6s.  The  micro-impact  waves  are  generated  at  the  closing  of  the  cavitation  bubbles.  We 
determined  the  period  for  treatment  the  micro-impact  waves  by  the  following  formulas  [6]: 
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where  At  -  time  of  closing  the  cavitation  bubble  ; 

Rmin  ,  Rjnax  -  minimum  and  maximum  cavitation  bubble  radius. 
For  calculation  the  quantities  in  the  equation  1  we  use  the  formulas: 
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where  ^ultrasound  frequency,  kHz ; 

fVthe  pressure  on  the  liquid  ,  Pa  ; 

Pa- sound  pressure,  Pa  ; 

fVpressre  on  the  liquid  explosive,  Pa; 

p-density  of  the  explosive,  g/cm  . 

The  frequency  of  the  used  ultrasound  generators  is  20-22  kHz.  The  parameters  of  the 
ultrasound  field  and  melted  explosives  are  :  Po/Pa=0,8,  Pa=25.10"6  Pa,f=  20  kHz,  p  =  0,98- 
1,60  g/cm3,  and  Pv=(l,2-l,5).102  by  82°C. 

After  substitution  in  the  equation  4,  3,  2,  1  the  time,  required  for  the  operation  on  the 
cavitation  bubble  we  get  (0,4-1 ,1).  10'9  5.  This  time  is  1000  times  lower  than  the  required  for 
the  completing  of  the  explosive  reaction.  The  general  conclusion  is  that  in  comparing  the 
two  conditions,  the  thermal  impulse  of  the  micro-impact  waves  round  the  cavitation  bubble 
is  lower  and  detonation  is  not  initiated  by  treatment  with  ultrasound. 

For  the  experimental  test  we  treated  the  TNT  and  TRDX-82  melts  in  ultrasound  tank 
with  the  power  of  ultrasound  generator  at  1,2  kW  and  ultrasound  concentrator  for  15  minutes. 
No  explosion  was  observed  in  all  tests.  The  stimulating  of  the  explosive  decomposition  is  a 
probable  process,  which  depends  on  many  factors.  Thats  why  the  result  is  valid  only  for  the 
specific  conditions  of  the  experiment. 

3.  KINETICS  OF  THE  EXPLOSIVE  MELT  CRYSTALLIZATION  IN 
ULTRASOUND  FIELD 

The  rate  of  crystallization  centers  formation  can  be  determined  experimentally  by  the 
following  method  f7' : 


Y  - 


1 

T.V 


where  r  -metastability  interval,  s; 

V-  volume  of  the  melted  explosive,  cm3. 


(5) 
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The  metastability  interval  is  described  by  the  curve  time-temperature  at  cooling  the  melt. 
The  searched  interval  is  determined  by  staying  time  at  over-cooling  temperature  (AT).  The 
used  TNT  has  been  recrystallized  to  melting  temperature  80,0  °C. 

The  data  of  the  experimental  work  and  statistic  calculations  of  the  results  are  given  in 
fig.  I- 


Fig  1.  The  dependence  of  the  RCCF  for  treated  (l-TRDX-82,  3-TNT)  and 
untreated  (2-TRDX-82,  4-TNT)  melts  with  ultrasound 


The  curves  3  and  4  are  described  analyticaly  with  following  equations: 


Y.104=  -72,499  +  8, 3 2 80.  AT  -  0,28813. AT2  +  0,00327.Af  (6) 

Y.104=  118,606-  20, 5115. AT  +  1,16776.  AT2  -  0, 0020191. Af  (7) 


The  analysis  of  this  data  show  that  the  ultrasound  has  increased  the  rate  of 
crystallization.  The  ultrasound  influence  is  due  to  its  complex  stimulating  which  had  resulted 
in  increasing  the  possibility  of  generaing  crystallization  centres. 

4.  EFFECTS  OF  ULTRASOUND  ON  DEGRADATION  OF  SBP 

The  molecular  weight  is  a  major  factor  showing  the  on-going  degradation  processes  in 
propellants  treated  with  ultrasound.  The  method  of  our  experimental  work  is  described  in  (?l. 
The  change  of  the  average  viscosimetric  molecular  weight  Mn  of  nitrocellulose  (NC)  in  the 
solutions  of  single  base  propellants  in  acetone  and  in  a  mixture  of  ethyl  alcohol  -  diethyl 
ether  after  treatment  with  ultrasound  is  shown  in  fig.2. 

The  observed  decrease  of  the  molecular  weight  of  the  NC  can  be  explained  by 
mechanical,  thermal  and  chemical  influence  of  ultrasound  on  the  lengths  of  molecule 
fragments..  The  effects  of  the  used  solvents  should  also  be  taken  into  consideration. 
Hydroxyl  and  ether  groups  have  a  stronger  ability  to  form  hydrogen  bonds  with  NC  than  the 


470 


carbonyl  groups.  A  portion  of  the  ultrasonic  energy  is  spend  for  destruction  of  the  polymer  - 
solvent  associates.  This  portion  is  larger  in  the  ethyl  alcohol-diethyl  ether  solvent  mixture 
due  to  formation  of  a  higher  number  of  hydrogen  bonds. 


Time,  min 

Fig  2.  Dependence  of  molecular  weight  M,v10~4  of  NC  on  time  of  treatment  with 
ultrasound  of  solutions  of  SBP  in  a  mixture  of  ethyl  alcohol-diethyl  ether 

(1)  and  acetone  (2) 


The  final  results  show  great  influence  of  ultrasound  on  the  properties  of  propellants  and 
explosives.  This  fact  has  to  be  considered  while  using  ultrasound  technologies  in  the 
production  and  exploitation  of  munitions  and  their  elements. 
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Abstract: 

Ring  cleavage  of  2-(dinitromethylene)-4,5-imidazolidinedione  (1)  was  achieved  by 
methanol  for  the  first  time  and  the  product  was  1,1  -diamino-2, 2-dinitroethylene  (FOX- 
7).  2,  the  first  adduct  of  1,  was  synthesized  by  the  reaction  of  1  with  methanol  in  certain 
conditions  and  its  structure  was  characterized.  Physical  and  chemical  properties  of  the 
adduct  were  studied.  Parabanic  acid  was  synthesized  by  decomposition  of  1  in 
methanol,  losing  nitrogen  oxides  and  carbon  oxides. 

Keywords:  ring  cleavage,  adduct,  2-(dinitromethylene)-4,5-  imidazolidinedione, 

methanol,  1,1 -diamino-2, 2-dinitroethylene,  FOX-7 


1.  INTRODUCTION 

Recently,  2-(dinitromethylene)-4, 5 -imidazolidinedione  (1)  has  been  reported  by  Latypov 
in  the  synthesis  of  1,1 -diamino -2, 2-dinitroethylene  (FOX-7)m,  Which  involved  the  nitration 
of  2-methylimidazole  with  concentration  H2SO4  and  HNO3  to  give  1.  1  was  treated  with 
ammonium  hydroxide  to  yield  FOX-7  (Scheme  1). 


o  o 


1  FOX-7 

Scheme  1 


But  except  this  reaction,  no  more  new  reactions  relating  to  1  have  been  reported  to  this 
day,  so  the  chemical  properties  of  1  are  not  investigated  sufficiently.  Our  experiments  have 
confirmed  that  1  has  many  new  reaction  characters.  In  the  structure  of  1  ,  double  amide 
bonds  are  reactive  and  easy  to  break,  so  we  have  expected  that  1  can  process  ring  cleavage 
by  other  polar  reagent  besides  ammonium  hydroxide,  and  these  have  indeed  proved  to  be  the 
case. 
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It  is  known  that  when  the  adduct  of  certain  compound  is  formed,  characteristics,  such  as 
colour,  solubility,  chemical  property  and  so  on  may  be  changed.  In  molecule  1,  there  are 
unshared  electronic  pairs  in  the  nitrogen  of  the  amino  group,  the  oxygen  of  the  nitro  group 
and  the  nitrogen  of  the  ring,  which  might  therefore  be  expected  to  combine  with  acidic 
hydrogen  atoms  and  to  form  hydrogen  bonds.  These  assumptions  have  been  conformed  by 
our  experiments.  By  reaction  with  methanol,  2,  the  first  adduct  compound  of  1,  was 
synthesized  and  characterized.  Physical  and  chemical  properties  of  this  adduct  were  studied 
preliminarily. 


2.  DISCUSSION 

2.1  Study  on  reaction  reagent 

In  the  reaction  of  1  with  other  compounds,  the  product  pattern  was  strongly  dependent 
on  their  polarity.  Our  preliminary  experimental  results  confirmed  that  1  usually  only  reacted 
with  polar  reagent.  When  1  was  dissolved  in  acetonitrile,  acetone  and  DMSO  solution,  it 
underwent  slow  decomposition  yielding  finally  parabanic  acid,  losing  nitrogen  oxides. 

1  was  treated  with  dilute  hydrogen  chloride  to  form  a  mixture  at  70°C.  When  methanol 
was  added,  The  white  solid  dissolved  immediately  to  form  a  buff  solution  and  in  a  few 
seconds  bright  yellow  crystals  precipitated  (88%  yield  under  optimal  conditions),  spectral 
analysis  proved  the  product  is  FOX-7.  The  major  by-product  formed  was  parabanic  acid. 

But,  when  1  was  dissolved  in  methanol  at  20°C,  the  situation  was  changed.  This  white 
solid  dissolved  immediately  and  in  a  few  seconds  buff  crystals  precipitated,  spectral  analysis 
proved  the  product  was  2,  the  methanol  adduct  of  1.  The  major  by-product  formed  was 
parabanic  acid.  2,  now  reported  for  the  first  time,  is  the  first  adduct  compound  of  1. 
However,  if  1  was  dissolved  in  other  alcohols  in  the  same  conditions,  for  example  ethanol, 
the  ring  was  cleaved  and  the  product  was  FOX-7. 


2 

Methanol  possesses  a  highly  polarized  hydroxyl,  and  the  acidic  hydrogen  of  it  is  active. 
Unshared  electronic  pairs  in  the  nitrogen  or  oxygen  of  1  are  easy  to  combine  with  these 
acidic  hydrogen  atoms  and  to  form  hydrogen  bonds,  which  presents  extensive  7i-conjugation 
system,  so  the  stability  of  1  is  enhanced. 
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2.2  The  effect  of  temperature  on  yield  of  the  products 

There  are  many  factors  affecting  the  synthesis  of  FOX-7,  temperature  is  one  of  the  most 
important  factors.  Some  results  are  given  in  Table  1.  Experiments  indicated  that  high  yields 
of  2  were  achieved  between  10-40°C  (98%  optimum  at  20°C).  Temperature  below  10°C 
gave  a  low  yield  of  2  and  the  major  product  formed  was  parabanic  acid  (15%  yield  under 
optimal  conditions  at  0°C),  while  a  higher  reaction  temperature  (40-60°C)  caused  ring 
cleavage  of  1  (FOX-7  is  the  major  by-product  and  88%  optimum  at  60°C  )  and  the  yield  of  2 
was  low  too. 

Table  1.  The  effect  of  temperature  on  yield  of  the  products 


temperature  (  °C) 

0 

20 

40 

60 

yield  of  the 

adduct  (  %) 

12 

98 

80 

5 

yield  of  FOX-7  (  %) 

0 

0 

14 

88 

yield  of  parabanic 
acid(  %) 

15 

0 

2 

3 

Methanol  200ml,  2-(dinitromethylene)-4,5-imidazolidinedione  O.Olmol, 
reaction  30min,  Fe  and  dilute  hydrogen  chloride  (catalytic  amounts) 


There  were  three  kinds  of  routes  in  the  reaction  of  1  with  methanol,  so  three  different 
products,  the  adduct,  FOX-7  and  parabanic  acid,  were  formed  respectively  (scheme  2). 


O  O 


Scheme  2 

When  the  reaction  temperature  was  between  10-40°C,  the  reaction  went  along  the  route 
3  primarily  and  2  was  the  major  product.  If  temperature  was  below  10°C,  the  route  1  would 
be  the  main  reaction  and  the  major  product  was  parabanic  acid,  while  if  temperature  was 
above  60°C,  the  route  2  would  be  the  main  reaction  and  the  major  product  was  FOX-7, 
generally  more  energy  was  needed  in  the  reaction  of  ring  cleavage,  so  the  route  2  was  easy  to 
go  when  temperature  was  high  (above  60°C),  while  little  energy  was  needed  in  the  self 
decomposition  of  1,  so  the  route  1  was  easy  to  go  when  temperature  was  low  (below  0°C). 
Forming  hydrogen  bonds  were  the  essential  of  making  methanol  adduct,  which  needed 
appropriate  energy,  so  the  route  3  was  easy  to  go  when  temperature  was  proper  (10-40°C). 
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2.3  Comparison  of  some  properties  of  2  with  1 

2  is  a  stable  compound.  Its  properties  are  different  from  1.  1  is  white  powder,  while  2  is 
yellow  needle  crystals.  2  is  very  poorly  soluble  in  common  organic  solvents  and  water,  while 

1  can  readily  be  dissolved  in  many  polar  solvents,  such  as  water,  methanol,  ethanol, 
acetonitrile,  acetone,  DMSO  and  so  on.  1  can  be  stored  for  a  long  time  in  vacuum,  while  2 
undergoes  slow  decomposition  yielding  finally  parabanic  acid,  a  white  flake  crystal.  The 
chemical  properties  of  1  are  active  and  can  react  with  many  compounds  at  ambient 
temperature,  while  2  usually  do  not  react  with  other  compounds,  but  under  certain  conditions 

2  can  be  also  neutralized  by  aqueous  ammonia  to  form  ring  cleavage  product,  FOX-7.  1  is 
stable  thermally  and  it  decomposes  at  240°C,  while  2  is  unstable  thermally  and  it 
decomposes  in  about  100°C. 


Fig  1.  SEM  photograph  of  methanol  adduct  of  1 

2.4  Comparison  of  the  ring  cleavage  techniques  by  methanol 
with  by  ammonia. 

FOX-7  is  a  novel  and  very  interesting  explosive  with  high  performance  and  low 
sensitivity12,3,41,  but  at  present  the  cost  of  ring  cleavage  of  1  by  aqueous  ammonia  to  FOX-7  is 
very  high.  According  to  our  recent  investigation  we  found  three  main  disadvantages151: 
firstly,  1  need  to  be  separated  and  purified,  and  besides,  1  self  is  an  sensitive  explosive  so  it 
is  dangerous  in  the  process  of  its  separation  and  purification.  Secondly,  trifluoroacetic  acid  is 
used  to  purify  1,  but  it  is  very  expensive,  polluted  and  hard  to  reclaim.  Thirdly,  1  is  lost  a 
great  deal  in  the  separation  and  purification  process  of  intermediates. 

As  mentioned  above,  FOX-7  was  the  major  product  in  the  reaction  of  methanol  with  1  at 
high  temperature,  which  was  a  new  method  to  prepare  FOX-7  by  ring  cleavage  and  methanol 
was  a  new  reagent  corresponding  to  aqueous  ammonia.  More  experiments  have  confirmed 
that  methanol  could  also  react  with  1  in  sulfuric  acid  and  nitric  acid  to  form  FOX-7.  In  this 
method  raw  materials  are  only  2-methylimidazole,  sulfuric  acid,  nitric  acid  and  methanol, 
which  are  easy  available.  1  need  not  be  separated  and  purified,  so  it  was  not  necessary  to  use 
trifluoroacetic  acid.  The  yield  of  FOX-7  is  higher  than  that  of  the  literature  and  the  cost  is 
low,  so  the  major  disadvantages  of  producing  it  by  aqueous  ammonia  have  been  solved  and 
it  is  a  good  method  for  the  scale-up  of  FOX-7. 
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2.5 


Reaction  mechanism 


We  have  discussed  the  reaction  mechanism  of  FOX-7  synthesized  by  ring  cleavage  of  1 
by  ammonium  hydroxide161.  The  mechanism  of  ring  cleavage  by  methanol  is  similar  to  it  and 
the  only  difference  is  that  the  nucleophile  is  the  oxygen  instead  of  hydroxyl.  The  oxygen  in 
methanol  attacked  at  the  positive  carbon  of  the  carbonylation,  with  subsequent  elimination  of 
double  carbonylation,  FOX-7  was  formed  (Scheme  3). 


MeO 


Scheme  3 

The  mechanism  of  parabanic  acid  formed  are  complex  and  we  think  that  many  steps  are 
involved  (Scheme  4).  The  key  steps  are  rearrangement  of  nitro  group  and  elimination  of 
carbon  monoxide. 


Scheme  4 
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3. 


CONCLUSIONS 


We  have  discovered  some  new  reactions  of  1,  such  as  reaction  with  alcohols.  Ring 
cleavage  of  1  to  FOX-7  was  succeeded  by  methanol,  which  was  shown  to  be  an  easy  and 
accessible  route  towards  it.  By  complex  with  methanol,  the  first  adduct  of  1,  has  been 
synthesized  and  characterized.  The  characters  of  1  molecule  make  it  easy  to  form  hydrogen 
bonds,  so  other  adduct  of  1  might  therefore  be  expected  to  be  synthesized  in  the  future.  The 
synthesis  of  adduct  constitute  a  new  research  aspect  of  1  which  make  us  understood  the 
structure  and  properties  of  it  deeply  and  it  is  important  to  theoretical  research  and  future 
applications. 


4.  EXPERIMENTAL  SECTION 

NMR  spectra  were  obtained  using  a  Braker  AVANCE  300  MHz  spectrometer.  Infrared 
spectra  were  recorded  with  a  Nicolet  800  FTIR  spectrophotometer.  Melting  points  and 
decomposition  temperatures  were  determined  with  a  Mettler  DSC  30.  Mass  spectra  were 
recorded  with  Finnigan  MAT  95  S  spectrometer.  Elemental  analysis  were  carried  out  by 
EA1108  spectrometer. 

Caution:  All  polynitro  compounds  described  in  this  paper  are  explosives  and  proper 
shielding  is  strongly  recommended. 

4.1  Formation  of  2-(dinitromethylene)-4,5-imidazolidinedione  (1) 

Finely  ground  2-methylimidazole  16.5g  (0.2mol)was  dissolved  in  sulfuric  acid  160ml 
(95%)  at  19°C  with  vigorous  stirring.  At  the  same  temperature  nitric  acid  32ml  (1.51g/cm  ) 
was  added  over  a  90  min  period.  After  1.5  h  a  white  precipitate  was  formed,  which  was 
collected  and  washed  several  times  with  cold  trifluoroacetic  acid.  The  precipitate  was  dried 
in  vaccum  at  0°C.  On  standing  at  room  temperature  for  5  h,  2-(dinitromethylene)-5,5-dinitro- 
4-imidazolidinedione  lost  26.5%  of  weight  and  gave  8.4g  (20.8%)  of  2-(dinitromethylene)- 
4,5-imidazolidinedione  (1). 

Decomposition  temp  240°C  (10°C  /min  DSC);  IR.  (KBr):  3313  (NH2),  3226(NH2), 
3169(NH2),  1805(C=O),  1754(C=0),  1584(N02),  1499,  1318(N02),  1232,  1176,  758cm'1. 
!H  NMR  (DMSO-d6)  5  11.03  ppm;  13C  NMR  (DMSO-d6)  §  128.71,  154.79,  159.70;  MS  m/e 
202  (M+);  Anal.Calcd  for  C4H2N406:  C,  23.77;  H,  1.0;  N,  27.72.  Found:  C,  23.  90;  H,  1.23; 
N,  27.87. 

4.2  Formation  of  the  methanol  adduct  of  2-(dinitromethylene)-4,5- 
imidazolidinedione  (2) 

2-(dinitromethylene)-4,5-imidazolidinedione  (1)  2.1g  (O.Olmol)  was  dissolved  in 
methanol  200ml  at  ambient  temperature  with  vigorous  stirring.  Few  finely  iron  powder  and 
dilute  hydrogen  chloride  were  added  to  the  solution.  After  30  min,  the  solution  was 
concentrated  and  yellow  needle  crystals  precipitated.  The  precipitate  was  washed  with  water 
and  dried  at  50°C  to  give  2.3g  (98%)  adduct  2.  mp  140.0~140.9°C;  IR.  (KBr):  3362(NH2), 
3249(NH2),  1753(C=0),  1734(C=0),  1618(NH2),  1575(N02),  1475,  1323(N02),  1230,  1140, 
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964  cm'1.  lU  NMR  (DMSO-d6)  5  3.69,  8.81,  11.76  ppm;  13C  NMR  (DMSO-d6)  5  48.76, 
53.55,  100.43,  128.71,  154.93,  159.86;  MS  m/e  234  (M+);  Anal.Calcd  for  C5H6N407:  C, 
25.64;  H,  2.56;  N,  23.93.  Found:  C,  25.70;  H,  2.64;  N,  24.07. 

4.3  Ring  cleavage  of  1  by  methanol  to  l,l-diamino-2,2-dinitroethylene 
(FOX-7) 

2-(dinitromethylene)-4,5-imidazolidinedione  (1)  2.1g  (O.Olmol)  was  dissolved  in 
methanol  at  70°C  with  vigorous  stirring.  Few  finely  iron  powder  and  dilute  hydrogen 
chloride  were  added  to  the  solution.  After  30  min,  the  solution  was  concentrated  and  bright 
yellow  crystals  precipitated.  The  precipitate  was  washed  with  water  and  dried  at  50°C  to 
give  1.3g  (88%)  1,1 -diamino-2, 2-dinitroethylene  (FOX-7).  Decomposition  temp  238°C  (7°C 
/min  DSC);  IR.  (KBr):  3404(NH2),  3330(NH2),  3223(NH2),  1633(NH2),  1518(N02),  1469, 
1393  1351(N02),  1221,  1166,  1137,  1023,  620,  458  cm'1.  !H  NMR  (DMSO-d6)  5  8.  759 
ppm.  13C  NMR  (DMSO-d6)  5  129.411,  159.040;  MS  m/e  148  (M+);  Anal.Calcd  for 
C2H4N404:  C,  16.22;  H,  2.72;  N,  37.84.  Found:  C,  16.09;  H,  2.68;  N,  37.87. 

4.4  Formation  of  parabanic  acid 

2-(dinitromethylene)-4,5-imidazolidinedione  (1)  2.1g  (O.Olmol)  was  dissolved  in 
methanol  200ml  at  0°C  with  vigorous  stirring.  Few  finely  iron  powder  and  dilute  hydrogen 
chloride  were  added  to  the  solution.  After  30  min,  the  solution  was  concentrated  and  the 
solids  precipitated.  The  precipitate  proved  to  be  a  mixture  of  parabanic  acid  and  the 
methanol  adduct  of  2-(dinitromethylene)-4,5-imidazolidinedione  (2),  which  were  dissolved 
in  water  and  the  insolutable  adduct  was  filtrated.  The  filtrate  was  condensed,  then  cooling  it 
to  10°C  and  keeping  overnight  resulted  in  the  precipitation  of  0.1 7g  (15%)  of  parabanic  acid. 
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Abstract: 

In  this  paper  the  PETN  explosives  stability  and  sensitivity  are  investigated  during  their 
artificial  ageing.  It  was  observed  their  stability  was  not  changed,  but  sensitivity  was 
changed  after  ageing.  The  biggest  change  was  recorded  in  sensitivity  to  electrostatic 
discharge  of  flegmatized  PETN. 

Keywords:  PETN,  NplO,  artificial  ageing,  stability,  sensitivity 


1.  INTRODUCTION 

The  principal  requirement  of  regular  function  of  ammunition  is  its  qualitative  status.  It  is 
necessary  to  investigate  during  all  the  time.  The  reason  is  due  to  the  ammunition  contains 
explosives,  a  savoir  the  matters  which  have  an  ability  of  explosive  change.  Their  lifetime  is 
temporary  with  row  of  factors,  e.g.  chemical  composition,  chemical  purity,  conditions  of 
storage,  expected  application  and  so  on.  Baseline  physical-chemical  characteristics  of 
explosives  can  be  changed  in  the  course  of  working  process,  in  consequence  there  are  their 
technical  stage,  availability  and  their  safety  are  effected.  The  knowledge  and  timely 
observations  of  qualitative  status  ammunition  enable  to  admite  in  season  a  row  of 
arrangements  that  are  concentrated  on  maintenance,  increment  or  innovation  of  its  safety,  its 
reliability  and  its  applicability. 

The  artificial  ageing  is  one  method  of  qualitative  status  explosives  investigation  during 
their  exploitation.  It  is  process  of  accelerated  ageing  which  simulates  natural  ageing  of 
explosives  in  the  ammunition  system.  It  is  usually  done  by  heating  at  elevated  temperatures, 
that  accelerates  physical-chemical  processes,  which  are  done  in  explosive  number  of  years  in 
natural  store  or  exploitative  conditions.  The  scope  of  artificial  ageing  is  to  procure  an 
explosive  in  short  time  into  the  phase,  where  it  will  be  situated  most  likely  during  number  of 
years  of  natural  ageing.  This  method  allows  to  predict  the  changes  of  stability,  sensitivity, 
mechanical  and  functional  properties  of  explosives. 

2.  EXPERIMENTAL 

For  the  qualification  process  of  crystal  PETN  -  NpD  and  PETN  with  wax  -  NplO  (90% 
PETN  +  10%  wax)  it  was  necessary  to  investigate  the  changes  of  their  chemical  and  thermal 
stability  and  sensitivity  before,  during  and  after  the  ageing.  It  was  the  scope  to  sound  the 
negative  ageing  effect  on  the  present  explosives  and  together  on  the  objective  ammunition. 

The  samples  NpD  and  NplO  was  aged  artificially  at  temperature  65°C  6  months  in 
sealed  glass  tubes.  During  the  ageing  the  following  properties  of  the  samples  were 
investigated: 
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Table  1. 


Property 

Test 

Methods 

Chemical  stability 

VST 

STANAG  4556 

STN29  910 

Thermal  stability 

DTA,  temperature 
of  ignition 

STANAG  4491 

Impact  sensitivity 

BAM  impact  test 

STANAG  4489 

Friction  sensitivity 

BAM  friction  test 

STANAG  4487 

Electrostatic 

Electrostatic 

STANAG  4490 

discharge  sensitivity 

discharge  test 

Shock  sensitivity 

Small  scale  GAP 

test 

STANAG  4488 

Note: 

VST  -  vacuum  stability  test 
DTA  -  differential  thermal  analysis 


2.1  Chemical  and  thermal  stability  tests 

Chemical  stability  tests  were  carried  by  STABIL  16-Ex  (made  in  OZM  Research  Czech. 
Rep.)  at  temperature  100°C  40  hours.  Thermal  stability  tests  were  carried  by  use  DTA  550- 
Ex  and  the  apparatus  for  temperature  of  ignition  (both  made  in  OZM  Research)  at  heating 
speed  5°C/min.  Test  results  are  listed  in  table  2. 

Table  2.  The  survey  of  stability  results 


Sample 

(ageing  time 
in  months) 

VTS 

ml 

DTA  (°C) 

Temperature 
of  ignition 

(°C) 

Melt 

Start 

Decomp 

NpD  (0) 

0,9583 

140,4 

158,0 

186,6 

191 

NpD  (1) 

0,3875 

141,2 

157,0 

188,3 

190 

NpD  (2) 

0,2935 

141,8 

158,5 

188,4 

191 

NpD  (4) 

0,4553 

145,2 

161,5 

188,9 

194 

NpD  (6) 

0,3720 

146,7 

163,0 

188,2 

193 

480 


Npl0(0) 

1,7205 

138,4 

154,2 

180,0 

184 

NplO(l) 

1,0125 

138,1 

155,6 

181,0 

182 

NplO  (2) 

1,1655 

138,8 

155,6 

182,5 

182,5 

NplO  (4) 

1,6263 

143,8 

159,2 

187,2 

183 

NplO  (6) 

1,4650 

144,0 

158,4 

185,0 

182 

Note: 

Melt  -  temperature  of  melting 

Start  -  beginning  of  decomposition  temperature 

Decomp  -  maximal  temperature  of  thermal  decomposition 

Temp,  of  ignit.  -  temperature  of  ignition 


2.2  Calculation  of  kinetic  parameters 

It  is  possible  to  calculate  some  kinetic  parameters  from  VST  results  by  the  medium 
of  Arrhenius  equation 

In  k  =  — —  +  In  A 
RT 

There  was  needness  to  measure  chemical  stability  of  explosive  samples  by  use  a  few 
operating  temperatures  according  to  STN  26  910  (Slovak  technical  specification).  VST 
according  to  STN  spends  the  rate  of  evolution  of  gaseous  decomposition  products  for 
20hours  from  1  gram  of  sample  as  a  result.  VST  according  to  Stanag  4556  spends  as  a  result 
the  volume  of  gaseous  decomposition  products.  Measured  rates  of  PETN  samples  were  used 
for  procuration  of  rate  constants  In  k  by  means  of  calibration  curve  which  come  from 
published  work  [S|.  There  was  the  calibration  curve  established  as  a  relationship  between  the 
rate  of  evolution  of  gaseous  decomposition  products  and  rate  constant  of  monomolecular 
decomposition  of  individual  nitro-compositions  in  work  [S|  and  published  arrhenius 
parameters  (Ea  -  activation  energy  and  logA  -  preexponential  factor)  of  these  stuffs  were 
used.  Activation  energy  Ea  and  preexp.  factor  logA  of  PETN  samples  were  calculated  ba 
used  Arrhenius  equation.  The  results  of  VST  according  to  STN  and  the  kinetic  parameters 
are  listed  in  table  3. 
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Table  3.  The  survey  of  VST  results  and  calculated  kinetic  parameters 


Sample 

w 

(ml/g/20) 

Pre  T 

(K) 

ln(w) 

(ml/g/s) 

ln(k) 

(s'1) 

Ea 

(kJ/mol) 

log(A) 

(s'1) 

NpD  (0) 

0,0356 

373,15 

-14,5 

-21,4 

166,414 

14,0 

0,0662 

383,15 

-13,9 

-20,0 

NpD  (6) 

0,0324 

373,15 

-14,6 

-21,5 

190,188 

17,3 

0,0731 

383,15 

-13,8 

-19,9 

NplO  (0) 

0,1404 

373,15 

-13,1 

-18,5 

213,971 

21,9 

0,3884 

383,15 

-12,1 

-16,7 

NplO  (6) 

0,1275 

373,15 

-13,2 

-18,6 

202,084 

20,2 

0,3630 

383,15 

-12,2 

-16,9 

Note: 

w  -  the  rate  of  evolution  of  gaseous  decomposition  products 


PETN  samples  were  measured  by  VST  at  three  working  temperature,  therefore  the 
thermal  relation  their  Ink  could  be  established.  Figure  1  shows  this  thermal  relation  Ink  of 
NpD  and  NplO  before  and  after  ageing.  The  samples  after  ageing  are  marked  „ag“.  It  is 
showed  all  thermal  relations  are  linear. 

2.3  Stability  data  evaluation 

The  achieve  results  of  chemical  and  thermal  stability  of  investigated  explosives  and  also 
the  calculated  values  of  their  Ea  and  logA  made  out  PETN  samples  did  not  change  their 
stability  properties  during  and  after  artificial  ageing.  These  conclusions  are  conformable  with 
conclusions  of  publish  work  fS|  include  of  soft  stream  of  DTA  temperature  NplOag  to  higher 
values.  Thermal  stability  results  suggest  thermal  decomposition  of  NplO  has  occurred 
probably  any  faster  than  of  NpD.  It  has  been  due  to  suppose  wax  in  NplO.  It  is  need  confirm 
these  results  by  TGA  and  DSC  measurements. 

2.4  Determinations  of  sensitiveness 

Sensitiveness  to  impact  was  determined  on  the  BAM  apparatus,  in  accordance  with 
STANAG  4489.  Sensitiveness  to  friction  was  determined  on  the  BAM  apparatus,  in 
accordance  with  STANAG  4487.  Sensitiveness  to  electrostatic  discharge  was  determined  on 
the  apparatus  developed  by  OZM  Research  Ltd.  in  accordance  with  TP-SHVV-1080-(01)- 
00-ZEL  Sensitiveness  to  shock  wave  was  determined  accordance  with  STANAG  4488  A  - 
small  scale  gap  test.  Small  scale  gap  test  was  not  accomplished  with  explosive  NpD,  because 
testing  sample  could  not  be  prepared  for  safety  reason.  The  results  of  sensitivity  tests  are  in 
table  4. 
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Table  4.  Results  of  sensitivity  tests 


Sample 

NpD 

NplO 

Tests 

Virgin 

Aged* 

Virgin 

Aged* 

Impact  E50  (J) 

4,32 

4,2 

31,87 

20,3 

Electric  spark  E50  (mJ) 

64,78 

45,41 

164,48 

44,03 

Friction  F50  (N) 

61,5 

60,75 

153,7 

117,71 

Small  Scale  GAP  test 
M5o  (kPa) 

“ 

” 

1838 

1950  ** 

*  aged  6  month 

**  aged  2  month  (The  tests  will  be  continued  after  4  and  6  month  ageing) 


2.5  Results  of  sensitivity  investigation 

Sample  NpD 

Sample  NpD  is  most  sensitive  explosives.  Its  sensitiveness  to  all  stimuli  increased  with 
ageing.  Changes  in  sensitiveness  were  not  most  sensible. 

Sample  NplO 

Sensitiveness  of  NplO  is  increase  to  impact,  electrostatic  discharge  and  friction  and  in 
reverse  it  is  decrease  to  shock  wave  after  ageing.  Decrease  of  sensitiveness  to  shock  wave  is 
most  probably  subjected  by  decrease  of  number  hot  spots.  Hot  spots  -  micro  gas  bubble  was 
fill  by  smooth  wax  during  ageing.  Tests  will  be  continued  after  4  and  6  month  ageing. 
Sensitiveness  of  NplO  to  shock  wave  will  be  probably  increased  on  the  base  results  from  all 
sensitiveness  tests. 

2.6  Relation  between  DTA  results  and  sensitivity  of  PETN  explosives 


The  relations  between  DTA  results  and  sensitivity  of  explosives  to  impact  and  to 
electrostatic  discharge  are  described  in  publish  works  13,10,111 .  We  have  attempted  to  verify 
this  dependence  with  our  PETN  samples.  DTA  measurements  at  three  rates  of  heating  were 
evaluated  according  to  Kissinger  equation 

,  (t>  E.  i  . 

In  -E-  =  —  *  —  +  A. 

Tl  R  Tm 

The  evaluation  of  DTA  by  Kissinger  is  situated  in  figure  2.  The  slopes  of  lines  from  figure 
2  were  used  for  establishing  of  relations  between  sensitivity  of  PETN  explosives  to  impact 
and  to  electrostatic  discharge  and  DTA  results  by  Kissinger  of  PETN  explosives.  Figure  3 
and  4  show  these  dependences  are  linear.  These  results  very  well  correspond  with  results  of 
publish  work  [31.  The  values  of  HMX,  RDX,  SemtexlA,  Comp  CHc  and  C-4  in  figure  4  are 
used  from  this  work.  It  was  confirm  the  relationships  between  sensitivity  and  DTA  results  of 
explosives  are  objective  also  for  PETN  explosives  and  it  is  possible  to  do  the  prediction  of 
explosives  sensitivity  by  means  of  DTA  measurements. 
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NplOag.  NpIO 


y  - -29, 557x  +  57,604  R2  =  0,9583 

R2  =  0,9572 


Fig  1.  ln(k)  temperature  dependence  of  PETN  explosives 


Tm'^K'1} 

)21  0,00212  0,00214  0,00216  0,00218  0,0022  0,00222 


Fig  2.  DTA  by  Kissinger  of  PETN  explosives 


Fig  3.  Relationship  between  Energy  of  electric  spark  and  slope  (ER-1)  of 
Kissinger  equation 


Kissinger  (ER'1)x'UT4(K) 


Fig  4.  Relationship  between  impact  sensitivity  E50  and  slope  (ER-1)  of  Kissinger 


Energy  of  electric  spark  Ees  (J)  Drop  Energy  E50  (J) 


3. 


CONCLUSION 


Sensitiveness  of  observed  explosives  is  increased  after  ageing,  but  changes  in  chemical 
and  thermal  stability  is  negligible.  In  the  case  sample  NpD,  changes  of  sensitiveness  were 
not  most  sensible,  but  in  the  case  sample  NplO,  changes  of  sensitiveness  were  more 
significant.  This  increase  of  sensitiveness  is  most  probably  caused  by  baring  of  PETN 
crystals.  The  negative  influence  on  the  results  in  the  case  of  NplO  can  be  explained  by 
behaviour  of  wax  with  relative  low  melting  temperature. 


REFERENCES 

[1]  S.  Brebera:  Vojenske  trhaviny  atechnologie  vyroby  trhavinovych  nalozi,  University  of 
Pardubice,  Pardubice  2001  (Dept.  Of  Theory  and  Technology  of  Explosives  textbook) 

[2]  P.  VAVRA:  Teorie  vybusin,  University  of  Pardubice,  Pardubice  2002  (Dept.  Of  Theory  and 
Technology  of  Explosives  textbook) 

[3]  S.  Zeman,  M.  Krupka,  M.  ChovancovA,  Z.  Jalovy,  M.  Lazar:  A  description  of  some 
explosive  characteristics  of  plastic  explosives  part  III.,  Proc.  of  the  3-th  seminar  New  trends  in 
research  of  energetic  materials  University  of  Pardubice,  p.  285-296,  2000 

[4]  M.  Krupka:  Devices  and  equipment  for  testing  of  energetic  materials,  Proc.  of  the  4-th 
seminar  New  trends  in  research  of  energetic  materials  University  of  Pardubice,  p.  222-227, 
2001 

[5]  J.  SELESOVSKY,  J.  PachmAn,  M.  HANUS:  Changes  in  sensitiveness  of  flegmatized  high 
explosives  after  artificial  aging,  Proc.  of  the  6-th  seminar  New  trends  in  research  of  energetic 
materials  University  of  Pardubice,  p.309-321,  2003 

[6]  J.  Strnad,  J.  Majzlik:  Determination  of  electrostatic  spark  sensitivity  of  energetic  materials, 
Proc.  of  the  4-th  seminar  New  trends  in  research  of  energetic  materials  University  of  Pardubice, 
p.  303-307,  2001 

[7]  M.  ChovancovA,  P.  Ocko,  J.  Lopuch,  M.  Lazar,  A.  PechovA:  Chemical  and  thermal 
stability  of  flexible  PBXs,  Proc.  of  the  6-th  seminar  New  trends  in  research  of  energetic 
materials  University  of  Pardubice,  p.  128-136,  2003 

[8]  M.  ChovancovA:  Sledovanie  stability  plastickych  trhavin  pomocou  pristroja  Stabil  a  DTA, 
License  study  Thesis,  University  of  Pardubice,  2000 

[9]  Gurdip  Singh  and  Prem  Lelix  S:  Thermolysis  of  plastic  bonded  explosive,  Proc.  of  the  5-th 
seminar  New  trends  in  research  of  energetic  materials  University  of  Pardubice,  p.  68-76,  2002 

[10]  S.  Zeman,  J.  Kocl:  Electric  Spark  Sensitivity  of  Polynitro  Compounds.Part  IV.  A  Relation  to 
Thermal  Decomposition  Parameters.  HanNeng  CaiLiao  8,  2000 

[11]  D.  Skinner,  D.  Olson  and  A.  Block-Bolten:  Electrostatic  Discharge  Ignition  of  Energetic 
Materials,  Propellants,  Explos.,  Pyrotech,  23,  34-42,  1997 

[12]  STN26  910 

[13]  AOP-7 

[14]  STANAG  4556,  4491,  4489,  4487,  4490,  4488 


486 


EXPLOSIVE  TYPE  SELECTION  WITH  RESPECT 
TO  THE  VENTILATION  CYCLE  DURATION 
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Abstract: 

Extensive  measurements  of  the  ambient  air  quality  have  been  conducted  in  the  past 
years  during  excavation  of  road  tunnels  situated  on  the  mountainous  sections  of  the 
future  Croatian  highway  Zagreb  -  Split.  The  objective  of  these  measurements  was  to 
estimate  the  worker  exposure  to  toxic  gases.  Since  conventional  mining  methods  have 
been  used  for  excavation  of  the  tunnels  (drilling  and  blasting),  as  well  as  various  types 
of  explosives  and  initial  systems,  the  impact  on  the  workplace  environment  by  toxic 
gases  produced  from  blasting  was  also  examined.  In  order  to  reduce  the  amount  of 
toxicants  in  the  workplace  atmosphere,  the  field  method  for  selection  of  the  most 
appropriate  types  of  explosives  in  the  blast  charge  was  developed. 

Keywords:  blasting,  mission ,  toxic  gases 


1.  INTRODUCTION 

In  tunnelling,  various  environmental  impacts  are  a  matter  of  concern  when  blasting  is 
selected  for  doing  the  excavation  job.  Their  negative  effects  are  always  characterized  by  the 
increase  of  costs  and  excavation  times.  One  of  the  most  important  is  production  of  dust  and 
toxic  gases,  which  creates  ventilation  problems  and  potential  health  hazard  for  employees,  as 
well  as  delays  in  the  excavation  cycles.  The  importance  of  low  toxic  gases  generation  rapidly 
grows  with  the  length  of  the  tunnel  excavation,  and  it  is  a  major  factor  that  weights 
ventilation  parameters  and,  consequently,  the  excavation  costs. 

In  the  year  of  2002,  Civil  engineering  institute  of  Croatia  engaged  Department  of  Mining 
and  Geotechnical  Engineering  (DMGE)  on  Faculty  of  Mining,  Geology  and  Petroleum 
Engineering  to  supervise  mining  operations,  such  as  blasting  and  ventilation,  during 
excavation  of  “Mala  Kapela”  and  “Gric”  tunnels.  Later  on,  several  contractors  on  future 
tunnels:  “Brinje”  and  “Brezik”  requested  workplace  environment  monitoring  regarding  air 
quality  and  ventilation  efficiency.  It  was  early  observed  that  the  ventilation  cycle  duration 
following  blasting  on  all  sites  that  was  participated  in  this  survey  depends  not  only  by 
ventilation  parameters,  but  also  of  types  of  explosives  used.  Considering  that  fact,  it  was 
desirable  to  make  selection  of  the  types  of  explosives  that  should  have  good  balance  between 
efficiency  on  rock  fragmentation  and  toxic  gases  quantity  produced  by  the  detonation  of  the 
blast  charge. 

This  paper  describes  a  field  method  used  to  determine  the  most  appropriate  types  of 
explosives  in  the  blast  charge  for  use  in  underground  excavations  by  measuring  toxic  gases 
imission  in  the  workplace  atmosphere  during  blasting  operations.  The  ventilation  cycle 
duration  of  blasting  operation  in  underground  excavations  depends  on  reentry  period 
following  blasting,  in  which  toxic  gases  produced  by  blasting  have  to  be  diluted  to 
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concentrations  acceptable  by  the  law.  Keeping  that  in  mind,  the  appropriate  types  of 
explosives  would  have  minimal  dilution  time  needed  after  detonation,  which  means  that  the 
ventilation  cycle  duration  with  utilization  of  appropriate  types  of  explosives  would  also  be 
minimal. 

2.  EMISSION  MEASUREMENTS 

The  actual  measurements  took  place  on-site,  in  vicinity  of  the  rock  face.  To  provide 
same  conditions  for  number  of  testing  with  different  types  of  explosives  in  the  blast  charge, 
the  analysis  instrument  was  placed  on  the  predetermined  distance  from  rock  face,  so  the 
surrounding  temperature  and  pressure  (except  of  detonation)  remains  constant  during 
sampling  interval.  Secondly,  amount  of  fresh  air  supplied  by  ventilation  was  regulated  in  the 
same  manner.  In  the  case  when  significant  fluctuation  of  atmospheric  pressure  was  observed, 
the  measurements  were  terminated. 

The  total  amount  of  all  utilized  types  of  explosives  in  the  blast  charge  was  kept  constant, 
with  the  standard  deviation  of  6  kg. 

2.1  Analysis  instrument 

To  meet  demands  for  monitoring  the  concentrations  of  airborne  pollutants  in  a  tunnel 
excavation,  and  to  ensure  that  the  workplace  atmosphere  provides  a  safe  environment  free 
from  levels  of  toxicants  that  would  create  a  hazard  to  health,  DMGE  acquired  appropriate 
instalment  for  the  detection  and  measurement  of  expected  gases.  The  expected  gases  were 
gases  resulting  from  blasting  and  diesel  exhaust. 

It  is  well  known  that  the  detonation  of  commercial  explosives  creates  the  same  gases 
found  from  burning  fuel.  The  presence  of  carbon  and  nitrogen  in  commercial  explosives 
makes  it  likely  that  carbon  monoxide,  carbon  dioxide  and  nitrogen  oxides  will  be  produced 
from  a  blast. 

Acquired  analysis  instalment  is  capable  of  continuously  indicating  fractions  of  a  part  per 
million  for  3  toxic  gases  (electrochemical  sensors  for  CO  and  NOx),  CO2  can  be  measured  in 
percentage  of  the  value  by  infrared  sensor.  The  instalment  is  equipped  with  sampling  pump 
with  constant  flow  accuracy. 

3.  METHOD  IMPLEMENTATION 

After  the  optimal  technological  parameters  of  blasting  with  one  set  of  explosives  in  the 
blast  charge  have  been  achieved,  the  measurements  were  preformed  minimal  three  times 
with  utilization  of  the  established  amounts  and  types  of  explosives.  Imission  measurements 
of  produced  toxic  gases  were  recorded.  The  same  procedure  was  applied  after  the  types  or 
component  amounts  of  explosives  in  the  blast  charge  were  changed. 

The  appropriate  types  of  explosives  for  considered  underground  excavation  were 
determined  by  comparison  of  the  ventilation  cycle  durations,  where  explosives  of  choice 
were  explosives  utilized  in  blasting  operation  with  minimal  ventilation  cycle  duration. 

4.  RESULTS 

The  obtained  results  of  measured  concentrations  of  carbon  and  nitrous  oxides  from 
"Mala  Kapela"  site  are  shown,  as  an  example  in  Fig.  1.  The  explosive  utilized  for  blasting 
was  bulk  emulsion  "Elmulex  P",  prepared  and  loaded  into  the  blastholes  by  mobile  facility. 
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The  information  on  rock  categorization,  geology,  supplied  air,  ventilation  duct  distance  from 
rock  face,  and  explosive  consumption  is  provided  in  Table  1. 

Shown  on  Fig.  2.  are  results  from  the  same  location,  but  this  time  the  explosive  utilized 
for  blasting  was  nitro  gelatin  "Goma  II  ECO"  and  emulsion  "Elmulexal"  for  cut  and  stopping 
blastholes,  both  loaded  and  placed  on  the  market  in  tube  type  cartridges. 

For  contour  blastholes  in  both  cases  were  used  emulsion-type  explosive  "Elmulex"  in 
cartridges  of  25  mm  in  diameter,  as  well  as  non-electric  shock  tubes  system  for  initiation  of 
explosives. 


Tunnel  "Mala  Kapela"  -  blasting  operations  with  bulk  slurry  explosive 


Fig  1.  Measurements  results  with  utilization  of  bulk  emulsion  explosive 


Table  1.  Blasting  operation  data  referring  to  bulk  emulsion  explosive  utilization 


Site 

Location 
Geology 

Rock  categorization 
Rock  face  surface 
Ventilation  duct  distance 
Supplied  air  quantity 
Bulk  emulsion  quantity 
"Elmulex  P" 

Emulsion  quantity  in  cartridges 
"Elmulex"  025 
Amount  of  explosives 
Ventilation  cycle  duration  average 


Tunnel  "Mala  Kapela"  -  south  portal 
right  tube,  525  m  from  tunnel  portal 
dolomitic  limestone  /  dolomite  breccias 

II 

74  m2 

60  m  from  rock  face 

22  mV1 

514  kg 

12.75  kg 

526.75  kg 
47  min 
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Tunnel  "Mala  Kapela"  -  blasting  operations  with  gelatin  and  slurry  explosive  in  cartridges 


Fig  2.  Measurements  results  with  utilization  of  gelatin  and  emulsion  explosive 
in  cartridges 

Table  2.  Blasting  operation  data  referring  to  gelatin  and  emulsion  explosive 
utilization 


Site 

Tunnel  "Mala  Kapela"  -  south  portal 

Location 

right  tube,  535  m  from  tunnel  portal 

Geology 

dolomitic  limestone  /  dolomite  breccias 

Rock  categorization 

11 

Rock  face  surface 

74  m2 

Ventilation  duct  distance 

62  m  from  rock  face 

Supplied  air  quantity 

20  mV1 

Nitro  gelatin  quantity 

Goma  2  ECO  O  40 

100  kg 

Emulsion  quantity  in  cartridges 

"Elmulex"  038 

372  kg 

"Elmulex"  025 

51kg 

Amount  of  explosives 

523  kg 

Ventilation  cycle  duration  average 

31  min 

As  it  can  be  seen  from  Table  1  and  Table  2,  timesavings  in  ventilation  cycle  duration 
with  utilization  of  nitro  gelatin  and  emulsion  cartridge  explosive  types  were  significant  in 
compare  to  utilization  of  on-site  produced  emulsion  explosive. 

On  the  same  basis  as  the  example  shown,  the  measurements  were  continued  until 
appropriate  types  of  explosives  for  particular  excavation  were  chosen.  Additionally,  two 
different  sets  of  explosives  in  the  blast  charge  for  "Mala  Kapela"  site  were  considered.  The 
results  are  shown  in  Table  3. 
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Table  3.  Blasting  operation  data  referring  to  different  sets  of  explosives  on  " Mala 
Kapela"  site  in  same  geology,  rock  category  and  ventilation  conditions 


Set  3 

Set  4 

Nitro  gelatin  quantity 

Danubit  0  38  208  kg 

Emulsion  quantity  in 

cartridges 

"Elmulex"  038  264  kg 

"Elmulex"  025  51  kg 

Total  amount  of  explosives  523  kg 

Nitro  gelatin  quantity 

Goma  2  ECO  O  40  75  kg 

Emulsion  quantity  in 

cartridges 

"Elmulex"  038  400  kg 

"Elmulex"  025  51  kg 

Total  amount  of  explosives  526  kg 

Ventilation  cycle  duration  average 

36  min 

Ventilation  cycle  duration  average 

29  min 

The  best  results  of  blasting  were  achieved  with  types  and  quantities  of  explosives  given 
in  Table  2.  Since  there  weren't  significant  difference  in  ventilation  cycle  duration  with  the 
next  best  result  (Set  4)  given  in  Table  3,  the  chosen  types  and  quantities  of  explosives  were 
selection  from  Table  2. 

Field  measurements  were  conducted  on  three  more  locations  but  the  selection  method 
wasn't  implemented.  The  results  are  shown  in  Table  4. 

Table  4.  Field  measurements  of  toxic  gases  imission 


Tunnel 

Geology 

Rock 

cat. 

Air 

supply 

Surface 
of  r.  f. 

Explosives 

VCD 

"Gric" 

limestone  / 
limestone 
breccias  / 
conglomerates 
and  breccias 

Ill 

27 

m3/s 

52  m2 

Austrogel 
G1  0  30, 

75  kg 
(gelatine) 
Lambrex  1 

0  35, 

336  kg 
(emulsion) 

24  min 

"Brezik" 

sandstones  / 
conglomerates 
and  shale  / 
clay 

intercalations 

IV,  V 

33 

m3/s 

80  m2 

Goma  2 
ECOO 

40,  154  kg 
(gelatine) 

40  min 

"Brinje" 

limestone  / 
limestone 
breccias  / 
conglomerates 
and  breccias 

III 

42 

m3/s 

52  m2 

Austrogel 
G1  0  30, 
125  kg 
Lambrex  1 

0  35, 
(gelatine) 
225  kg 
(emulsion) 

13  min 
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5. 


CONCLUSION 


The  factors  contributing  to  the  emission  of  toxic  gases  during  blasting  operation,  and, 
consequently,  prolongation  of  the  ventilation  cycle  duration  are  varied.  However  the  most 
important  found  on  our  investigation  are: 

1.  Oxygen  balance.  From  the  measurements  results,  the  blasting  operations  where 
were  utilization  of  nitro  gelatin  explosives  dominant,  the  generation  of  NO2  was 
considerably  larger  in  comparison  to  blasting  with  dominant  emulsion  explosive. 
On  the  other  hand,  much  higher  peak  of  CO2  gases  were  found  in  cases  where 
emulsions  were  dominant  component  in  the  blast  charge. 

2.  Measurements  results  on  “Mala  Kapela”  site  (bulk  and  cartridge  type)  best 
describe  the  importance  of  the  physic-mechanical  characteristic  of  the  explosives 
as  homogeneity  (density),  granular-metric  composure,  water  resistance, 
packaging  and  others.  Each  inconsistence  of  the  explosive’s  characteristics  with 
the  standardized  requirements  set  forth  during  its  development  leads  to  distortion 
of  the  detonation  process  and  to  the  larger  release  of  toxic  gases. 

3.  The  chemical  composition,  strength,  and  structure  of  the  rock.  When  detonating 
rocks  with  fissures  and  cracks,  whether  filled  with  clay  materials  or  not,  the 
released  toxic  gases  are  substantially  larger  (“Brezik”  site). 

4.  The  technology  of  the  conducted  blasting  operation  and  the  manner  and  tools  of 
loading  the  blastholes.  Our  investigation  suggests  that  this  factor  is  even  more 
important  in  regard  to  toxic  gas  emissions  than  the  oxygen  balance,  considered 
being  most  significant  up  till  now. 

The  method  for  explosives  selection  described  here  was  successful  in  determination  of 
types  of  explosives  that  are  acceptable  from  environmental  and  economical  standpoint. 

In  future,  the  results  of  these  measurements  in  addition  with  the  laboratory  testing  may 
be  used  to  provide  data  to  a  computer  model  development  that  will  reliably  predict  the 
expected  gases  production,  and  their  relevance  to  excavation  plan  and  ventilation  design 
based  on  explosive  of  choice. 
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DISSOLVER  VER.  1.1  HELPS  CENTRAL  MINING  RESCUE  STATION 


B.  Janovsky 
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Abstract: 

This  paper  introduces  new  software  package  DisSolver  v.  1.1,  which  was  developed 
under  the  contract  between  Czech  Mining  Authority  and  University  of  Pardubice.  The 
package  consists  of  three  individual  codes  -  “Vybuchovy  trojuhelnik”,  “Nasledky”  and 
“Vodni  zatky”.  Code  “Vybuchovy  trojuhelnik”  solves  the  problems  with  explosibily  of 
atmosphere  inside  the  coal  mines.  Code  “Nasledky”  enables  the  user  to  calculate  the 
consequences  of  accidental  leaks  of  natural  gas  and  crude  oil  during  the  drilling.  Code 
“Vodni  zatky”  solves  the  mathematical  model  of  the  water  column  movement  in  the 
gallery  as  the  method  of  the  explosion-proof  closing  of  the  seat  of fire  in  the  coal  mines. 

Keywords:  gas  explosion,  consequence  analysis,  gas  explosibility 


1.  INTRODUCTION 

Czech  Mining  Authority  enunciated  project  No.  10/2001  named  “Coping  with  the 
serious  process  accidents”  under  its  program  of  research  and  development.  University  of 
Pardubice  won  a  victory  in  the  public  tender  for  this  project.  The  work  had  started  in  July 
2001  and  was  finished  in  August  2003.  The  project  was  jointly  solved  in  cooperation  with 
Research  Mining  Institute  Ostrava-Radvanice  and  Jan  Zigmund,  PhD.  Software  tool  which 
would  help  to  Central  Mining  Rescue  Station  (HBZS)  solve  the  accidental  situations  during 
the  mining  of  the  black  coal  and  drilling  of  the  crude  oil  and  natural  gas  was  the  contracted 
output  of  this  project. 

Program  goal  was  fulfilled  and  program  package  DisSolver  v.  1 . 1  has  been  introduced 
during  the  final  inspection  day.  The  package  contains  three  individual  codes: 

•  “Vybuchovy  trojuhelnik”  solving  the  accidents  during  underground  coal  mining. 

•  “Nasledky”  solving  accidents  during  drilling  of  the  natural  gas  and  crude  oil. 

•  “Vodni  zatky”  solving  the  water  column  movement  in  the  gallery  as  the  method  of 

the  explosion-proof  closing  of  the  seat  of  fire  in  the  coal  mines. 

Short  introduction  of  these  individual  codes  of  the  DisSolver  package  will  be  given  in 
this  contribution. 

2.  “VYBUCHOVY  TROJUHELNIK” 

“Vybuchovy  trojuhelnik”  code  is  the  graphical  computing  system  intended  for  fast 
assessment  of  the  fuel-air  mixture  explosibility.  According  to  requirements  of  the  Czech 
Mining  Authority  and  HBZS  the  code  solves  the  problems  of  explosion  triangle  for  both 
standard  and  non-standard  composition  of  the  coal  mine  atmosphere.  The  code  is  ready  for 
future  implementation  of  the  on-line  connection  with  the  “Mine  Gas  Laboratory”  (DPL), 
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which  measures  the  concentration  of  the  standard  components  of  the  mine  atmosphere. 
Special  procedure  for  monitoring  of  the  “CO  production  per  liter”  was  also  implemented  in 
the  code. 

The  heart  of  the  code  is  built  of  three  basic  parts: 

1 .  Explosion  triangle  analysis 

2.  Thermodynamic  heart  of  the  code 

3.  Inertisation  of  the  fuel-air  mixture 

Each  part  of  the  code  represents  unique  computational  solution  based  on  the  general 
physical-chemical  patterns,  which  are  described  for  example  in  f1, 2’ 3’ 4’ 5’ 6’ 71 . 

After  running  the  code  user  has  to  choose  proper  program  branch.  Basic  menu  is  shown 
in  Fig.l. 


Fig  1.  Basic  menu  of  the  „Vybuchovy  trojuhelnik“  code 


2.1  Manual  edition  of  the  composition  of  all  combustible  (firing)  gasses 

Selecting  this  branch,  user  has  to  input  the  composition  of  the  standard  combustible 
mine  gases  in  the  data  packet  (e.g.  according  to  the  Table  1).  The  date  and  the  time  is  input 
automatically.  Concentration  of  mixture  components  could  be  input  by  keyboard  after 
clicking  on  the  concentration  window.  It  is  also  possible  to  move  between  the  windows  by 
cursors.  Concentration  of  Nitrogen  is  calculated  automatically. 

Table  1.  Example  of  the  com  bustible  gases  composition 


n2 

C02 

CH4 

o2 

CO 

h2 

72,41  % 

1,03  % 

9,80  % 

16,50  % 

58  ppm 

0,25  % 

Input  of  the  data  into  the  next  data  packet  is  the  same  for  each  measurement.  Data  packet 
will  be  generated  automatically  when  the  code  will  be  on-line  connected  with  the  DPL. 
Calculation,  explosibility  evaluation  and  explosion  triangle  plotting  are  executed 
immediately  after  entering  each  component  concentration. 

The  code  also  allows  the  user  to  propose  the  inertisation  of  combustible  gases  in  the 
mine  gallery.  This  function  can  be  activated  through  the  window  “Solver  options”.  Active 
inertisation  boxes  are  shown  in  Fig  2. 
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Explosion  Triangle 


Gas  Flow  Rate:  60  m3/min  Inert  Flow  Rate:  60  m3/min  3600  m3/hr 

Fig  2.  Inertisation  boxes  enabling  to  input  data  necessary  for  inertisation 
calculations 


If  for  example  the  flow  rate  of  gases  through  the  cross-section  of  the  mine  is  200 
m  .min’  then  user  is  informed  by  the  code  that  flow  rate  60  m  .min"  of  nitrogen  as  an 
inertisation  agent  is  not  sufficient  to  inert  the  combustible  mixture.  Warning  that  it  is 
necessary  to  decrease  the  flow  rate  of  the  gases  through  the  mine  to  the  value  162  m  .min"  is 
displayed  immediately  in  the  “Inertisation”  window  (Fig  3).  The  value  of  the  inert  flow  rate 
(74  m  .min"  )  sufficient  for  inertisation  of  the  combustible  gases  in  the  mine  is  written  in  the 
bubble  in  the  explosion  triangle  plot  (Fig  3). 
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|  Explosion  Triangle 

Gas  Flow  Rate:  200  m3/min  Inert  Flow  Rate:  60  m3/min  3600  m3/hr 


Mixture  Explosibility 

The  mixture  is  explosible. 


Mixture  Inertization 


The  source  of  N-  is  not  sufficient. 


Max  flow  rate  of  firing  gasses  is  162  m  .min’1 
The  composition  of  firing  gasses  has  to  be  updated 
upon  throttling  the  flow  rate  of  air! 

Thermodynamic  Properties 


i  Buildup  CO  (LVCO)  10  o  )  r 


Combustion  Temperature 
Gauge  Pressure 


2241  °C 
8,6  bar 


Fuel  Contents  (v 

ol.  °/o) 

Total 

10,055 

ch4 

CO 

H2 

Namely: 

97,464 

0,050 

2,486 

Explosion  Limits  (vol.  %>) 

Fuel  Axis  (low  -  high) 

Oxygen  Axis  (low  -  high) 


5,1  -  11,6 
15,8  -  18,7 


Fuel  Content  [vol.  *Vb] 


O  LVCO  FACTOR  LIMIT  HAS  BEEN  REACHED  !!! 


Fig  3.  „Vybuchovy  trojuhelnik“  window  with  active  inertisation  function 


The  code  controls  the  flow  rate  of  carbon  monoxide.  If  the  value  exceeds  the  critical 
limit  (10  l.min’1)  then  user  is  warned  by  flashing  red  message  “LVCO  FACTOR  HAS  BEEN 
REACHED! ! !”  in  the  down  left  comer  of  the  window  (Fig  3). 

The  results  of  extended  thermodynamic  analysis  are  displayed  in  the  window  next  to  the 
explosion  triangle.  But  first  it  is  necessary  to  mark  the  “Show  extended  thermodynamic 
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analysis”  in  the  “Solver  Options”  window.  Structure  of  displayed  results  is  shown  in  Fig  4. 
This  option  is  useful  for  detailed  study  of  the  physico-chemical  properties  of  reacting  fuel-air 
mixture. 


Mixture  Inertization 


The  source  of  N2  is  not  sufficient. 


Max  flow  rate  of  firing  gasses  is  162  m3.min"1 
The  composition  of  firing  gasses  has  to  be  updated 
upon  throttling  the  flow  rate  of  air! 


Thermodynamic  Properties 

Litre  Buildup  CO  (LVCO) 

11,6  l.min'1 

Combustion  Temperature 

2241  °C 

Gauge  Pressure 

8,6  bar 
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2671  Id. kg'1 

Specific  Volume  of  Products 

838  dm3. kg’1 

Oxygen  Balance 

-3,84  % 

Combustible  Product  Content 

6,421  vol.  % 

Specific  Heat  Ratio 

1,2515 

Sound  Velocity  in  Products 

989  m.s*1 

Combustion  Products  (vol.  <Vb) 

o 

o 

Is) 

h2 

CO 

h2o  n2 

°2 

HCl 

6,120 

1,987 

4,434 

17,343  70,116 

0,000 

0,000 

Fuel  Contents  (vol.  %) 

Total 

10,056 

Namely: 

X 

o 

CO 

h2 

97,456 

0,058 

2,486 

Explosion  Limits  (vol.  °/o) 

Fuel  Axis  (low  -  high) 

5,1  -  11,6 

Oxygen  Axis  (low  -  high) 

15,8  -  18,7 

Fig  4.  The  results  of  extended  thermodynamic  snalysis 


2.2  Manual  edit  the  composition  of  all  combustible  components  in  the 
gallery  environment 

“Vybuchovy  trojuhelnik”  code  makes  possible  to  solve  also  the  situation  when  mixture 
of  gases  consists  of  gases  different  from  the  standard  mine  combustible  gas  composition. 
User  can  choose  the  composition  of  the  mixture  from  the  list  of  the  gases,  which  is  displayed 
in  Fig  5.  Thermodynamic  characteristics  are  than  calculated  for  the  chosen  mixture. 

Following  calculation  and  command  is  the  same  like  in  the  case  of  the  standard  mine 
combustible  gas  composition. 
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Fig  5.  List  of  the  gases,  which  can  be  presented  in  the  mine  atmosphere 


3.  “NASLEDKY” 

“Nasledky”  code  is  the  graphical  computing  system  intended  for  fast  assessment  of  the 
accidental  natural  gas  and  crude  oil  release  consequences.  The  code  enables  the  user  to  find 
the  distances  where  the  specific  consequences  of  thermal  radiation  and  blast  wave  to  people 
and  objects  are  reached.  Three  kinds  of  fires  are  supposed  in  the  code:  jet  fire,  fireball  and 
pool  fire.  Vapour  cloud  explosion  is  also  solved  by  the  code.  The  code  accelerates  the 
routine  calculations  necessary  during  the  accident  fighting,  during  preventive  calculations 
and  training.  The  command  is  very  simple  and  user  obtains  the  results  in  well-arranged 
numerical  form.  Every  calculation  is  made  immediately  after  change  of  any  parameter. 

Verified  methods  have  been  used  for  particular  calculations  of  physical  effects.  The 
methods  used  are  described  in  theoretical  guide  of  the  code  f8'. 

This  code  enables  the  user  to  assess  the  physical  effects  and  consequences  of  the 
accidental  release  of  the  natural  gas  and  crude  oil.  The  assessment  consists  of  three  steps: 

•  source  term  calculation; 

•  physical  effects  calculation  and 

•  consequence  assessment. 

Diagram  shown  in  Fig  6  was  used  for  calculation  of  natural  gas  release  and  its 
consequences.  The  user  inputs  the  data  and  chooses  particular  calculation  steps. 

Calculation  of  crude  oil  release  and  its  consequences  is  provided  according  the  diagram 
plotted  in  Fig  7.  The  user  inputs  the  data  and  chooses  particular  calculation  steps. 
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Fig  6.  General  diagram  of  natural  gas  release  consequences  calculations 


Fig  7.  General  diagram  of  crude  oil  release  consequences  calculations 


After  running  the  code  the  user  has  to  choose  hazardous  material  involved  in  the  solved 
situation  -  crude  oil  or  natural  gas. 
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3.1  Natural  gas 

User  has  to  select  natural  gas  of  proper  composition  in  the  database  and  than  basic 
window  showing  the  results  of  calculations  with  default  values  of  initial  conditions  will 
appear.  This  basic  window  (Fig  8)  is  divided  into  three  parts: 

•  Disaster  Options; 

•  Solver  Results:  Summary  and 

•  Earth  (natural)  Gas  Discharge  History. 


•  Nasledky  -  Untitled. dis 


10c 


File  View  Tools  Help 


□  &  i,  m-  a  a 

New  w  Open  Save  View  Print  Solver 

Disaster  Disaster  Disaster  Results  Results  Options 


O  Earth  gas  disaster 


Fig  8.  Basic  window  for  natural  gas  calculations 


The  window  “Disaster  Options”  offers  the  change  of  initial  conditions  according  to  user 
needs.  It  is  possible  (necessary)  to  change  default  values  of  following  parameters: 

•  Source  type 

•  Pipe  properties 

•  Tank  properties 

•  Probe  properties 

•  Initial  conditions 

•  Opening  type 

•  Discharge  type 
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There  are  many  models  used  in  the  code,  which  need  meteorological  data  to  be 
specified.  This  data  influences  for  example  density  of  substance,  atmospheric  transmissivity 
for  heat  radiation  calculations,  dispersion  of  substance  in  atmosphere,  etc. 

User  can  choose  one  of  two  default  meteorological  conditions  alternatives: 

•  Consider  medium  case; 

•  Consider  worst  case. 

It  is  also  possible  to  specify  each  parameter  -  barometric  pressure,  ambient  temperature, 
relative  humidity,  wind  velocity,  stability  class  and  surface  roughness  -  manually. 

The  results  are  presented  in  matrix  form  in  “Solver  results”  part  of  the  window.  The  first 
matrix  contains  information  about  discharge  model  together  with  calculated  outflow  rate. 

Individual  physical  effects  are  presented  in  the  results  window  according  to  ignition 
time.  If  immediate  ignition  is  supposed  than  only  fireball  and  jet  fire  is  supposed.  Distances 
of  critical  heat  radiation  levels  are  displayed.  Value  of  critical  heat  radiation  level  is  written 
in  the  first  column,  distance,  where  this  level  is  reached,  is  written  in  the  second  column  and 
description  of  the  characteristic  damage  is  written  in  the  third  column. 

If  delayed  ignition  is  supposed  then  dispersed  material  forms  the  cloud,  which  can 
explode  after  ignition  and  generate  the  blast  wave  causing  damages  to  surrounding.  Jet  fire 
develops  after  the  vapour  cloud  explosion.  It  is  supposed  that  it  is  not  possible  to  ignite  the 
cloud  if  concentration  of  the  combustible  material  is  lower  than  50  %  of  lower  explosibilty 
limit  therefore  distance  where  this  important  concentration  is  reached  is  also  displayed. 
Distance  where  lower  explosibilty  limit  is  reached  is  also  written  in  this  part  of  the  matrix. 
The  same  form  of  results  displaying  as  have  been  used  for  heat  radiation  is  used  also  for 
consequences  of  vapour  cloud  explosion. 

“Solver  Results:  Summary”  is  shown  automatically  after  running  the  code,  but  only  the 
most  important  characteristic  consequences  of  physical  effects  are  displayed.  However,  the 
code  offers  calculation  of  many  more  characteristic  damages.  After  choosing  the  required 
physical  effects  extended  results  window  will  appear  (e.g.  “Solver  Results:  Vapour  Cloud 
Explosioin”,  Fig  9).  Structure  of  the  results  is  the  same  like  in  the  Summary  window  -  three 
columns  where  gauge  overpressures,  distances  and  characteristic  damages  are  written. 
Dissipation  of  gauge  pressure  with  distance  from  the  source  is  also  displayed  in  the  window. 
Moving  the  mouse  along  the  curve  in  the  graph  the  values  of  distance  and  actual  gauge 
pressure  are  shown  next  to  the  mouse  pointer.  The  gauge  pressure  in  specific  distance  or 
distance  for  specific  gauge  pressure  can  be  obtained  directly  typing  the  distance  or  pressure 
in  the  proper  box  at  the  bottom  of  the  window.  The  result  is  displayed  immediately. 

3.2  Crude  oil 

Program  branch  solving  the  release  of  crude  oil  is  mostly  the  same  as  the  branch  for 
natural  gas.  At  the  beginning  it  is  necessary  to  choose  proper  crude  oil  type  from  the 
database  and  input  the  amount  of  dissolved  gas.  The  only  difference  in  the  program  branch  is 
calculation  of  crude  oil  pool  fire  consequences  instead  of  calculation  of  noise  level  during 
outflow  of  natural  gas. 
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Fig  9.  Window  of  extended  results  of  natural  gas  cloud  explosion 


4.  “VODNI ZATKY” 

During  the  project  solution  a  new  request  to  resolve  the  problem  of  explosion-proof  seat 
of  fire  closure  by  water  plug  raised.  Hence,  the  third  code  “Vodni  zatlcy”  has  been 
developed. 

Numerical  solution  of  differential  equation  set  of  water  column  movement  was  evolved 
for  more  accurate  determination  of  water  plug  vibration.  Blast  wave  load  is  supposed  to  be 
the  cause  for  the  vibration.  Set  of  differential  equations  is  solved  by  Runge-Kutt  method. 
Solution  enables  the  user  to  follow  behavior  of  series  of  variables  together  with  transient 
states  during  the  water  plug  movement.  Critical  length  of  submergence  together  with  the 
length  on  the  border  of  overshoot  is  found  by  special  procedure. 

Based  on  the  defined  criteria  for  explosion-proof  water  plug  it  is  given  the  possibility  to 
submergence  a  mine  gallery  with  interchanging  slope  in  case  of  incident  situation. 

The  use  of  water  plugs  is  shown  in  Fig  10.  The  alternatives  are  given  by  the  wind 
direction  and  geometrical  configuration  of  the  gallery. 
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A 


B 


Fig  10.  Demonstration  of  water  plug  use 


Tactical  principles  of  seat  of  fire  closure  were  treated  according  to  above  demonstrated 
alternatives  of  water  plug  use  and  they  are  included  in  the  Central  Mining  Rescue  Station 
Ostrava  Instruction  No.  1/2003  for  building  of  explosion-proof  dams. 

Use  of  the  code  is  simple  and  consists  of  two  steps.  First,  the  data  necessary  for  the 
calculation  of  water  plug  movement  are  input  in  proper  box  and  in  the  second  step  after  click 
on  the  “Resent”  box  the  code  is  executed.  The  results  are  presented  in  both  written  and 
graphical  form.  Window  of  the  “Vodni  zatky”  code  is  shown  in  Fig  11. 

Parameters  and  data  are  input  by  keyboard  into  proper  boxes.  Input  data  could  be 
divided  into  following  groups: 

•  Text  for  locality  identification  -  mine  identification,  bed  identification,  gallery 
identification,  date  of  calculation; 

•  Input  data  for  calculation  -  cross-section  area  of  the  gallery,  gallery  height  in  the 
lowest  point,  angle  in  the  direction  of  expected  explosion,  angle  in  the  adit 
direction; 

•  Completion  data  -  length  of  the  horizontal  part  of  the  water  plug,  available 
amount  of  water. 
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Fig  11.  Window  of  the  “Vodni  zatky”  code 


If  the  length  of  the  horizontal  part  of  the  water  plug  is  not  zero  than  this  length  does  not 
influence  only  the  particular  results  of  the  calculation  but  also  graphical  representation  of  the 
results  (Fig  12). 


-e*-  Smer  sireni  VRV 


X 


— C 


AB+CD=Lmin  Celkova  mm.  delka  zatope(40.00m) 


Y(J)  Vetratelni  del ka  (14 .97m) 

(T)!'  Vyska  vetratelneho  zatopeni  (2.60m) 

Y(J)  Delka  zatopeni  z  prist .  strany  (37.54m) 
(5)2'  Vyska  defuutivmho  zatopeni  (6  52m) 

AB  Delka  maximalniho  vykmitu  (20.00m) 


Fig  12.  Graphical  representation  of  the  results  if  non-zero  length  of  the  horizontal 
part  of  the  water  plug  is  input 
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5. 


CONCLUSIONS 


During  the  project  of  Czech  Mining  Authority  No.  10/2001  named  “Coping  with  the 
serious  process  accidents”  in  its  program  of  research  and  development  “Increase  of  safety 
level  of  work  in  the  mines  and  elimination  of  the  hazard  from  the  methane  release  from  the 
closed  mines”  program  package  DisSolver  v.  1 . 1  has  been  introduced.  The  package  contains 
three  individual  codes:  “Vybuchovy  trojuhelnik”,  “Nasledky”  and  “Vodni  zatky”. 

Czech  Mining  Authority  based  in  Prague  as  exclusive  owner  officially  taken  the 
software  package  at  the  final  inspection  day.  The  process  of  package  implementation  in  the 
activities  of  Integrated  Emergency  System  and  Central  Mining  Rescue  Service  in  Ostrava 
and  Hodonin  is  in  the  progress  at  present  day. 

User  guide  for  the  “Vodni  zatky”  code  became  a  base  for  the  chapter  Water  Plugs  of  the 
Instruction  No.  1/2003  for  building  of  explosion-proof  dams  published  by  Central  Mining 
Rescue  Station  in  Ostrava. 


REFERENCES 

[1]  HAAR,  L.,  Shenker,  S.,  H.:  Equation  of  State  for  Dense  Gases.  Journal  of  Chemical  Physics, 
Vol.  55,  str.  4951  -4958,  1971 

[2]  Novak,  J.,  P.,  Malijevsky,  A.,  Sobr,  J.,  Matous,  J.:  Plyny  a  plynne  smesi.  Academia,  Praha, 
1972 

[3]  MOORE,  J.,W.:  Fyzikalm  chemie.  SNTL,  Praha,  1979 

[4]  SCHUTZ,  A.:  Nektere  aspekty  dusledneho  prechodu  na  jednotky  soustavy  SI  v  chemii. 
Chemicke  listy,  70,  1976 

[5]  Stull,  D.,  R.,  at  all:  JANAF  Thermochemical  Tables.  Dow  Chemical  Co, 

Middland-Michigan,  US  Government  Printing  Office,  Washington,  D.C.,  1967 

[6]  SlNDELAR,  V.,  Smrz  L.:  Nova  soustava  jednotek.  SPN,  Praha  1968 

[7]  MAKARIUS  R.:  Inertizace pri  dulnich pozarech.  SNTL,  Praha,  1993 

[8]  JANOVSKY,  B.,  Krupka,  M.:  Nasledky  -  Teoreticky  manual  programu;  Cesky  bansky  lifad, 
2003 


504 


EXPANSION  OF  METALLIC  TUBES  DRIVEN 
BY  HEAD-ON  GRAZING  DETONATION 
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Abstract: 

Since  the  pressure  gradient  abruptly  increase  in  the  detonation  products  undergoing  a 
head-on  collision  of  two  detonation  waves  propagating  in  the  cylindrical  charge 
embedded  in  a  metallic  tube,  the  movement  of  tube  wall  driven  by  which  will  be  of 
particular  pattern.  The  data  of  expansion,  deformation  and  fracture  of  the  tube  are 
obtained  in  the  experiments  with  diagnostics  of  pulsed  x-ray  shadowgraphy  and  high¬ 
speed  photography.  A  2-D  elastic  plastic  hydrodynamic  Lagrangian  code  TTD2C  has 
been  compiled  during  this  work  and  succeeded  in  simulating  the  head-on  collision  of 
two  detonation  waves  and  the  resulting  products  flow,  also  the  expansion  process  of 
metallic  tubes  driven  by  it.  The  calculated  and  measured  results  agree  well  with  each 
other.  The  result  shows  that  the  fracture  time  advanced  because  of  the  head-on 
collision. 

Keywords:  grazing  detonation,  head-on  collision,  metallic  tubes 


1.  INTRODUCTION 

The  detonation  product’s  expansion  movement  driving  plate,  cylinder  and  sphere  shell  is 
an  important  problem  in  the  field  of  investigation  of  material  dynamic  characteristics  at  high 
strain  rates.  It  is  fundamental  to  the  design  of  cannon,  bomb  and  missile  warhead.  The 
history  of  detonation  driving  begins  with  the  study  of  Gurney  111 .  He  gets  the  fragment’s 
velocity  with  some  assumptions  in  order  to  calculate  the  fragment’s  initial  velocity. 
Chengwei  Sun  (2'  uses  the  instantaneous  modified  detonation-driving  model  and  gets  the 
analytical  result  of  max  velocity  for  grazing  detonation-driving  plate.  He  also  gets  the 
differential  equation  of  grazing  detonation  driving  plate,  long  metallic  tube,  and  short 
cylindrical  shell  for  divergent  and  convergent  movements.  Many  have  studied  the 
phenomenon  of  one-point  initiation  problem  13,41 .  But  the  studies  on  expansion  movement 
under  head-on  collision  are  still  limited. 

The  expanding  fracture  under  detonation  load  inside  of  axial  symmetrical  shell  is  one  of 
the  most  typical  problems.  G.I.  Taylor  first  brings  forward  the  compression  and  tension 
criteria  on  expansion  of  shells  fS|.  It  is  suggested  that  radial  crack  propagates  only  in  area  of 
hoop  tension  stress  not  of  compressive  stress  and  the  hoop  stress  equals  zero  at  the  tip  of  the 
crack.  So  there  exists  a  mid-surface  at  the  cross  section  of  the  shell  where  hoop  stress  and 
strain  equal  zero.  When  detonation  waves  arrive,  the  mid-surface  lie  at  the  outer  surface  of 
the  shell.  With  the  expanding  of  the  shell,  the  mid-surface  moves  inward.  When  the  mid¬ 
surface  moves  to  the  interior  interface,  the  shell  is  considered  completed  fracture. 

In  this  paper,  we  use  the  experiment  methods  of  pulse  x-ray  shadowgraphy  and  high¬ 
speed  photography  to  measure  the  expanding,  deforming  and  fracture  process.  At  the  same 
time,  using  the  two-dimensional  Lagrange  hydrodynamic  code,  the  interaction  of  detonation 
waves  and  the  detonation  driving  process  have  been  investigated  in  this  paper. 
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2. 


EXPERIMENT  SET  AND  EXPERIMENT  METHOD 


The  experiment  set  is  schematically  illustrated  in  Figure  1  and  2.  Figure  1  is  used  for 
pulsed  x-ray  shadowgraphy  and  Figure  2  is  for  high-speed  photography.  In  these 
experiments,  steel  45  is  used  as  the  shell  materials.  The  detonators  are  initiated 
simultaneously.  The  design  parameters  of  the  experiment  set-up  are  listed  in  table  1 . 


1 .  Detonator 

2.  Explosive  charge 

3.  Explosive  plane  wave  lens 

4.  Main  charge 

5.  Metallic  tube 


Fig  1.  Experimental  set  up  1 


1 .  Detonator 

2.  Explosive  charge 

3.  Explosive  plane  wave  lens 

4.  Metallic  tube 

5.  Main  charge 

6.  Detonation  product  shield 


Fig  2.  Experimental  set  up  2 


The  x-ray  shadowgraphy  and  high-speed  photography  are  used  to  observe  the  expansion 
process.  The  lay  out  of  x-ray  and  photography  are  showed  in  Figure  3  and  4. 


1 .  X-ray  lamp 

2.  Experiment  sample 

3.  Negative  box 


Fig  3.  X-ray  experiment  diagram 

For  high-speed  photography,  Xe  lamp  has  low  cost,  simple  power  system,  suitable 
spectrum  range  and  high  luminosity.  In  this  measurement  system,  we  use  flash  power  control 
the  luminosity  and  pulse  distance.  Aluminum  foil  reflector  box  can  be  used  as  background 
light  source  and  project  light  source  from  normal  face.  In  order  to  distinguish  the  deforming 
process  more  clearly,  the  high  sensitive  colorful  negatives  are  used. 
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1 


1 .  High  speed  framing  camera 

2.  Mirror 

3.  Xeron  lamps 

4.  Experimental  sample 

5.  Aluminium  foil  reflector  box 


Fig  4.  High-speed  photography  diagram 


Table  1.  Experimental  Assembles 


Shot  No 

Explosive  Charge 

Thickness  of  Tube 

mm 

Type  of 
Experimental 
Setup 

Diagnostics 

1 

JOB-9003  cp 

25.4  x  75mm 

3 

1 

X-ray 

2 

JOB-9003  cp 

25.4  x  75mm 

3 

1 

X-ray 

3 

JB-9014  cp 

50x  153mm 

5 

1 

X-ray 

4 

JB-9014  cp 

50x  153mm 

5 

1 

X-ray 

5 

JOB-9003  cp 
25.4x75mm 

3 

2 

High-speed 

photography 

6 

JOB-9003  cp 

25.4  x  75mm 

4 

2 

High-speed 

photography 

3.  NUMERICAL  CALCULATIONS 


Y 


cr  in  3> 

o  ■<  X 

Q_  ro 
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■<  ~5 
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X 


Initiation  plane 


Fig  5.  Numerical  simulation  model 
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R  means  the  radius  of  the  main  explosive  charge,  5  means  the  thickness  of  the  metallic 
tube,  h  is  the  half  height  of  the  tube.  If  considering  the  symmetry  of  the  model  and  saving 
the  calculating  time,  the  quarter  of  the  model  is  used.  Free  boundary  at  the  outer  surface  and 
the  initiation  plane  are  used. 

In  the  Lagrange  coordinate  system,  Y  is  the  symmetrical  coordinate.  The  slip  interface 
between  the  explosive  and  metallic  tube  is  used.  The  initiation  time  is  taken  as  the  initial 
time.  JWL  EOS  is  used  for  detonation  products. 

Table  2.  Parameters  of  JWL  EOS 


Explosive 

P  „ 

(g/cnE) 

A 

(lOOGPa) 

B 

(lOOGPa) 

C 

(lOOGPa) 

Ri 

r2 

to 

JOB9003 

1.85 

8.4204 

0.2181 

0.0075 

4.6 

1.35 

0.28 

JB9014 

1.88 

5.4563 

0.0852 

0.0125 

4.2 

1.62 

0.47 

4.  RESULTS  AND  DISCUSSIONS 


The  mean  expanding  velocity  for  shot  1  and  2  is  0.18  ±0.03  cm/ps  at  the  head-on 
position  from  the  fitting  curve  of  Figure  6.  While  the  mean  expanding  velocity  for  shot  3  and 
4  is  0. 16  ±  0.07  cm/ps.  The  velocity  is  only  considered  as  the  outer  surface’s  velocity. 
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■  Shot  2 
Linear  Fit 


■  Shot  3  and  4 
Linear  Fit 
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Fig  6.  Displacement  history  at  head-on 
collision  point  of  Shot  2 


Fig  7.  Displacement  history  at  head-on 
collision  point  of  Shot  3  and  4 


Before  head-on  collision,  the  metallic  tube’s  expanding  process  is  similar  to  one  point 
initiation.  After  head-on  collision,  the  middle  part  of  the  shell  has  a  swelling  part  and 
expands  quickly.  The  swelling  part  exists  until  the  metallic  fractured.  The  fracture  time  of 
shot  5  is  24.0  ps  and  that  of  shot  6  is  25.6  ps  from  the  results  of  the  high-speed  photography. 
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Fig  8.  Displacement  history  at  non-head-on  Fig  9.  Displacement  history  at  non-head-on 
collision  point  of  Shot  5  collision  point  of  Shot  6 


In  shot  5,  2.17  cm  from  the  initiation  plane  is  taken  as  the  characteristic  station  and  2.20 
cm  of  shot  6  is  taken.  The  mean  expanding  velocity  for  shot  5  is  0.14±  0.01  cm/ps  at  2.17cm 
from  the  fitting  curve  of  Figure  8.  While  the  mean  expanding  velocity  for  shot  6  is 
0.13  ±  0.01  cm/ps  at  2.20  cm  from  the  fitting  curve  of  Figure  9.  Because  the  tube  of  shot  6  is 
1  cm  thicker  than  that  of  shot  5,  its  mean  expanding  velocity  is  a  little  smaller. 


Fig  10.  Displacement  history  at  head-on  Fig  11.  Displacement  history  at  head-on 
collision  point  of  shot  5  collision  point  of  shot  6 


The  mean  expanding  velocity  for  shot  5  is  0.22  ±  0.01  cm/ps  (about  1 .59  times  compared 
with  2.17  cm)  at  the  position  of  head-on  collision  from  the  fitting  curve  of  Figure  10.  While 
the  mean  expanding  velocity  for  shot  6  is  0.19  ±0.01  cm/ps  (about  1.51  times  compared 
with  2.20  cm)  at  the  head-on  collision  from  the  fitting  curve  of  Figure  11.  Before  head-on 
collision  (at  the  position  of  one  quarter  from  the  initiation  plane,  about  1.88  cm,  1.88  cm, 
3.83  cm,  and  3.83  cm  for  shot  1,  2,  3  and  4),  when  the  detonation  product  reaches  CJ 
pressure,  the  pressure  decreases  because  of  the  rarefaction  waves.  After  head-on  collision, 
the  detonation  product  pressure  goes  up  immediately  because  of  the  interaction  of  the  two 
detonation  waves,  the  amplitude  is  about  2  times  of  CJ  pressure,  and  then  it  decreases. 
Figure  12  and  13  shows  that  after  head-on  collision  for  shot  1  and  2,  the  radial  velocity’s 
discrepancy  at  the  axial  distance  of  1.88cm  and  3.75  cm  from  the  initiation  plane  is  about  1.5 
times.  So  this  discrepancy  drives  the  head-on  collision  part  move  more  quickly  than  non¬ 
head-on  collision  part.  From  calculations,  the  non-head-on  collision’s  mean  expanding 
velocity  is  0.15  cm/ps  while  it  is  0.14  cm/ps  from  the  high-speed  photography  experiment. 
The  experiment  result  is  in  accordance  with  the  numerical  calculation.  The  same  result 
appears  in  shot  3  and  4  at  the  position  of  3.83  cm  and  7.65  cm  from  the  initiation  plane.  The 
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work  ability  of  JB9014  explosive  is  much  lower  than  JOB9003,  so  the  shell’s  radial  velocity 
is  smaller  at  the  same  load  condition. 


Fig  12.  Expanding  velocity  histories  of  Fig  13.  Expanding  velocity  histories 
outer  wall  at  different  axial  position  of  outer  wall  at  different  axial 

of  shot  3  and  4  position  of  shot  1  and  2 


From  the  expanding  radial  velocity  history  of  the  metallic  tube,  at  the  beginning  of  the 
deforming  process,  the  radial  expanding  of  the  shell  is  quicker.  With  the  weakening  of  the 
work  ability  of  the  detonation  products,  the  expanding  acceleration  dies  down  gradually. 

According  to  Taylor’s  criteria,  when  the  mid-surface  moves  to  the  interior  interface,  the 
shell  is  considered  completed  fracture.  So  from  the  hoop  stress  history  in  figure  14,  15,  16, 
17,  we  can  get  the  completed  fracture  time.  These  results  are  listed  in  Table  3.  Relative 
fracture  means  the  fracture  time  from  the  arrival  of  the  detonation  waves.  The  head-on 
collision  of  the  two  detonation  waves  makes  the  metallic  tube’s  fracture  time  advanced. 
Because  the  limited  experiment  conditions,  the  fracture  time’  observation  is  still  awaited. 
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Fig  14.  Hoop  stress  history  of  inner  wall 
at  head-on  collision  point 
of  shot  1  and  2 


Fig  15.  Hoop  stress  history  of  inner  wall 
at  non-head-on  collision  point 
of  shot  1  and  2 
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Fig  16.  Hoop  stress  history  of  inner  wall 
at  head-on  collision  point 
of  shot  3  and  4 


Fig  17.  Hoop  stress  history  of  inner  wall 
at  non-head-on  collision  point 
of  shot  3  and  4 


Table  3.  Fracture  Time  for  Shot  1,  2,  3,  and  4 


Shot  No 

Fracture  Time  for 
Head-on  Position 
(ps) 

Fracture  Time 
for  Non-Head- 
on  Position  (ps) 

Relative 
Fracture  Time 
for  Head-on 
Position  (ps) 

Relative 
Fracture  Time 
for  Non-Head- 
on  Position 
(ps) 

1  and  2 

9.0 

12.0 

5.1 

9.5 

3  and  4 

16 

13.0 

5.0 

7.5 

5.  CONCLUSIONS 

1)  The  pressure  and  pressure  gradient  increase  after  the  head-on  collision  of  the  two 
detonation  waves.  The  mean  expanding  velocity  of  the  head-on  collision  position  increases 
about  one  and  half  times  compared  to  the  non-head-on  characteristic  collision  position.  The 
relative  fracture  time  for  head-on  collision  also  advances  obviously. 

2)  With  Taylor’s  fracture  criteria,  the  completed  fracture  time  and  the  relative  fracture 
time  of  different  positions  for  the  metallic  tube  can  be  obtained. 

3)  This  Lagrange  hydrodynamic  code  can  simulate  the  expansion  movement  of  the 
metallic  tube  precisely.  The  results  of  the  calculation  agree  well  with  the  experiment  results. 
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Abstract: 

The  opportunity  of  reception  bull  water-tight  (4100-4400  i<J/kg)  emulsive  explosives 
such  as  “water  in  oil  ”  is  shown  on  the  basis  of  solution  of  nitrocalcites  and  ammonium 
at  the  expense  of  sensibilization  by  the  solid  high-energy  additives.  The  sensibilization 
of  emulsive  explosives  is  carried  out  at  the  expense  of  the  addition  of  powders  of  metals 
and  alloys  with  high  hardness,  melting  point  and  capacity  to  react  with  light-end 
products  of  detonating.  The  responsive  efficient  explosive  is  prepared  out  without 
padding  aeration,  introducing  of  microspheres  and  explosive  reagents. 

Keywords:  emulsion,  explosive,  sensibilization,  silicon-containing  of  materials, 

ammonium  saltpetre 


1.  INTRODUCTION 

Explosive  materials,  which  one  will  used  for  mining  encroached  massifs  of  mines  of 
Ukraine  and  Russia  represent  trotyl-containing  fusion  cakes  of  inorganic  nitrates.  High 
temperature  of  applying,  poor  water  resistance  and  content  of  a  toxic  trotyl,  makes  such 
systems  dangerous  and  unsafe  in  industrial  use. 

As  demonstrate  the  world  tendencies  of  progressing  of  explosive  materials  for  mining, 
alternative  of  a  trotyl  are  the  emulsive  explosives,  which  one  have  a  high  level  of  safety, 
both  in  cooking,  and  in  applying. 

The  compositions  and  technology  creations  of  emulsion  explosive  substances  on  based 
of  nontrotyl  emulsive  composition  [11  in  USUCT  were  designed. 

2.  EMULSIVE  MATRIX  OF  EXPLOSIVE  SUBSTANCES 

The  emulsive  composition  represents  a  revertive  emulsion  of  solution  of  inorganic 
oxidant  in  a  hydrocarbonaceous  phase.  As  oxidant  utilised  binary  concentrations  (83-85  %) 
water  solution  of  calcium  and  ammonium  saltpetre  of  eutectic  composition.  The  nitrate  of 
lime  in  composition  of  a  dispersed  phase  promotes  stabilizing  emulsive  system,  prevents 
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hydrolysis  of  ammonium  saltpetre  and  is  a  considerable  radiant  of  bound  oxygen.  Besides 
temperature  of  crystallization  of  a  dispersed  phase  compounds  338-34  IK,  that  allows  to  plot 
an  emulsion  at  low  temperatures. 

For  stabilizing  an  emulsion  used  oxyethylic  surface-active  substance  (SAS)  of  animal 
and  plant  origin  with  C 14-06  of  a  vegetative  and  animal  genesis,  which  one  provide  high 
adsorption  on  interphase  boundary  "oil  -  water".  The  high  stabilizing  operating  is  provided 
also  with  geometry  of  a  molecule  SAS  -  part  of  a  molecule,  which  one  is  laied  out  in  oil  to  a 
phase  in  view  of  dual  ionic  bed  has  the  size  more  6  •  10-10  m,  and  the  proportion 
hydrophilic  and  lypophilic  of  parts  SAS  (GLB)  lays  in  limits  3-6  on  a  Griffins  scale  f2'31. 

Composition  and  the  concentration  limits  of  reductants  of  an  emulsive  matrix  allow  to 
receive  microemulsion  with  the  size  of  particles  in  dispersed  phase  are  30-40  nm  (fig.l)  even 
by  single-stage  emulgation  in  reactor  with  propeller  and  turbine  mixing.  The  designed 
emulsion  is  high-concentration  (contain  of  a  dispersed  phase  91-92  %),  physically  stable  and 
water-resistant  heterogeneous  system,  which  one  is  assorted  as  an  in  explosive  material  and 
does  not  contain  toxic  materials. 


Fig  1.  Pattern  of  an  emulsion  under  an  electronic  microscope 

Such  emulsion  is  a  good  basis  for  making  secure  in  haul  and  applying,  high  performance 
nontrotyl  of  emulsive  explosives  for  encroached  rocks.  However,  low  responsiveness  to 
a  detonating  impulse  and  small  values  of  energy  of  explosive  (2800  xJ/kg)  require  reliable 
sensitization  of  an  emulsion. 

Table  1.  Basic  characteristics  of  an  emulsive  matrix 


Index 

Value 

Design  energy  of  detonating,  kJ/kg 

2800  -3000 

Density  (T=343  K),  kg/m3 

1450-  1650 

Dynamic  viscosity  (3 13K),  Pa-s 

3,00-4,00 

Physical  stability 

30  day 

Losses  of  mass  under  bed  of  water  in  24  hours,  kg/nr 

less  than  0,15 

Temperature: 

gravitational  segregations,  K 

363 

to  a  beginning  of  exothermic  destruction,  K 

163 
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3. 


SENSIBILIZATION  OF  EMULSIVE  MATRIX 


Applying  of  conventional  methods  aerations  of  sensitization:  use  gas  generating  reagents 
and  gas-filled  of  microspheres  has  given  in  making  low-current  (2800-3000  Kj/kg) 
explosives  with  relative  brisance  0,6  (measurement  standard  -  grammonit  79/21,  which  one 
contains  21  %  of  a  trotyl). 

By  results  of  studies  and  thermodynamic  calculations  was  proposed  nonaerations  an 
expedient  of  sensitization  of  revertive  emulsions,  which  one  is  based  on  use  of  powdery 
inorganic  materials,  which  one  have  high  hardness  and  melting  point. 

The  sensitizing  operating  of  such  materials  is  instituted  by  presence  in  an  emulsion  solid 
particles  irregular-shaped  with  high  melting  point  f4',  which  one  promote  concentration  of 
energy  of  shock  on  acute  angles  particles,  and  at  the  expense  of  intensive  internal  friction  in 
heterogeneous  system  can  form  the  multiple  centres  of  local  heating,  which  one  provide  an 
inconvertible  detonation  on  the  dodge  "  of  calorific  detonating  ". 

As  such  sensitizers  the  powders  of  ferrosilicon  (FS-65)  and  silicon  carbide  utilised, 
which  one  not  only  provide  an  inconvertible  detonation  of  an  emulsive  matrix  on  the  dodge 
"of  ardent  dots",  but  also  import  the  essential  contribution  to  theoretical  operation  of 
detonating. 

As  a  matter  of  fact,  from  the  point  of  view  of  existing  submissions  about  a  detonation  f5', 
the  solid  additives,  inlet  into  an  emulsive  matrix,  are  inert.  They  it  is  pleased  are  inertial  and 
do  not  enlist  interplay  with  reductants  of  explosive  mixture  directly  in  a  detonation  surge,  i.e. 
up  to  a  plain  of  Chepman-Guge.  However  these  materials  are  capable  to  react  with  explosion 
products  behind  a  plain  of  Chepman-Guge,  essentially  increasing  theoretical  operation  of 
detonating  at  the  expense  of  secondary  exothermal  reactions  with  steam  and  oxides  of 
nitrogen.  As  demonstrate  thermodynamic  calculations,  such  reacting  spontaneously  proceed 
in  temperature  range  298-598K. 


Fig  2.  Thermogram  of  destructions: 

I-  ammonium  saltpetre;  II-  ammonium 
saltpetre  at  the  presence  of  ferrosilicon 
of  a  fraction  215-350  microns 
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Besides  as  demonstrate  differential-thermal  analyse  the  inlet  additives  influence  on 
dynamics  of  disintegrating  of  ammonium  saltpetre  (fig.  2),  dislodging  temperature  of 
explosive  disintegrating  of  saltpetre  in  area  of  lower  temperatures.  As  in  studied  temperature 
range  (up  to  700K)  there  is  no  chemical  interplay  to  ammonium  saltpetre,  it  is  possible  to 
speak  about  catalytic  influencing  silicon-containing  of  materials:  ferrosilicon  and  silicon 
carbide  on  dynamics  of  disintegrating  of  nitrate  of  ammonium  -  one  of  the  basic  reductants 
of  emulsive  explosive. 

On  the  basis  of  the  held  studies  the  emulsive  explosives  of  the  mark  Ukrainit-HP, 
sensitized  by  a  powder  of  ferrosilicon  of  the  mark  FS-65  (tab.2)  are  created. 


Table  2.  Basic  characteristics  of  explosive  Ukrainit-HP- 1 


Index 

Value 

Oxygen  balance,  % 

-0,05^-0,40 

Energy  of  explosive,  kJ/kg 

4100-4400 

Light-end  products  of  explosive,  m  /kg 

0,721-0,750 

Extreme  diameter  of  detonating  in  a  steel  shell,  mm 

120-150 

Speed  of  a  detonation,  m\s 

4300-4400 

Relative  work  capacity  (measurement  standard  grammonit  79/21) 

1,2-1, 4 

Relative  brisance  (measurement  standard  -  grammonit  79/21) 

0,8-0,95 

Losses  of  mass  under  bed  of  water  in  24  hours,  kg/m 

0,1 -0,2 

The  utilised  expedient  of  sensitization  low-power  of  emulsive  matrix  allows  to  provide 
good  responsiveness  of  a  material  to  detonation  impulse,  inconvertible  propagation  of  a 
detonation  and  high  work  capacity  at  the  expense  of  particular  interplay  silicon-containing  of 
materials  with  reductants  of  heterogeneous  system.  The  responsive  efficient  explosive  is 
prepared  out  without  padding  aeration,  introducing  of  microspheres  and  explosive  reagents. 

The  obtained  explosives  of  the  mark  Ukrainit-HP- 1  are  competitive  both  on  technical 
and  production  characteristics,  and  under  the  price,  and  also  the  safety  of  reversion,  and  are 
capable  to  exchange  trotyl-containing  explosive  materials  used  by  mines  for  mining  of 
encroached  massifs. 
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Abstract: 

Quite  distinct  inhomogeneity  of  the  detonation  front  was  found  earlier  at  detonation  of 
cast  charges  TNT/RDX  and  TNT/PETN.  The  ultimate  objective  of  this  work  is  to  extend 
the  number  of  explosive  systems  capable  of  propagating  detonation  in  the  spin- 
pulsating  regime  and  to  generalize  the  results.  Cast  TNT/DINA,  TNT/TETRYL 
DNT/PETN  and  pressed  HMX/paraffin  charges  were  investigated.  Systems,  detonating 
with  low  (1-3  MHz)  frequency  spin  pulsation  at  some  content  of  sensitizer  (Cs),  have 
approximately  the  same  calculated  detonation  parameters:  Dj  ~  7. 3-7. 4  km/s,  Qv~  5.4 
MJ/kg.  The  compositions  TNTDINA  with  Cs>25%,  which  detonate  without  spin 
pulsation,  have  calculated  values  Qv  and  Dj  higher  than  that  named  above.  Qv  and  Dj 
of  itself  DINA  sufficiently  higher  than  5.4  MJ/kg  and  7. 3-7. 4  km/s,  correspondingly,  and 
spin  pulsation  at  detonation  of  charges  of  liquid  Dina  were  not  observed. 

Keywords:  detonation,  pulsation,  heat  explosion,  velocity 


1.  INTRODUCTION 

Quite  distinct  inhomogenity  of  the  detonation  front  was  found  earlier  at  detonation  of 
cast  charges:  TNT/RDX,  TNT/PETN  11,21  at  content  of  sensitizer  Cs=12-15%,  and  liquids: 
Nitromethane,  solution  of  DNT  in  DINA  f2,3'.  This  regime  was  registered  be  means  of  streak 
camera  records  and  by  means  of  cooper  witness  plates.  Some  of  the  records  and  photos  of 
witness  plates  are  shown  in  Fig.  1. 


Fig  1.  The  streak  camera  record  and  photo  of  witness  plate  at  spin  detonation 
of  charge  of  TNT/PETN  87/13,  d=12  mm 
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There  is  no  any  inhomogenity  of  luminosity  at  detonation  of  mixtures  on  TNT  base  if  a 
content  of  sensitizer  exceeded  20%.  (Fig.  2.). 


Fig  2.  The  streak  camera  record  and  photo  of  witness  plate  at  detonation 
of  charge  of  TNT/RDX  50/50,  d=12  mm 

Waves  of  reaction  absence  are  seen  in  streak  camera  records  of  detonation  of  transparent 
liquids,  which  were  made  from  the  side  of  bottom  of  charge  (Fig.  3). 


Fig  3.  The  photo  of  witness  plate  and  streak  camera  records  at  spin  detonation 

of  charge  of  Nitrome thane  (tracing  confinement,  d  =  17  mm).  Shooting  are 
made  simultaneously  from  the  wall  side  of  the  charge  (sloping  white  line), 
and  from  the  side  of  its  bottom  by  means  of  placed  under  it  mirror  at  angle 
45°  to  it  axis  (lower  part  of  picture). 


The  mechanism  of  spin  detonation  consists  of  consecutive  propagation  of  damping  wave 
along  the  lateral  surface  of  a  charge,  reinitiating  of  detonation  and  propagation  of  super 
compressed  detonation  wave  in  the  thin  subsurface  layer  of  explosive  capable  of  a 
propagating  detonation  in  the  spin-pulsating  regime  ,1].  The  stamp  of  spin  detonation  on 
straightened  cooper  tube  witness  plate,  inside  those  the  cast  charge  of  TNT/RDX  85/15  has 
been  placed,  is  shown  in  Fig.  4.  The  slopping  line  on  the  surface  of  witness  plate  is  the  stamp 
of  spin  wave. 
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One  can  see  that  the  process  of  supper  compressed  detonation  propagated  along  spiral 
trajectory.  Cast  TNT/DINA,  DNT/PETN  and  pressed  HMX-paraffin  charges  were 
investigated  in  this  respect  in  work  141 .  The  ultimate  objective  of  this  work  is  to  extend  the 
number  of  explosive  systems  capable  of  propagating  detonation  in  the  spin-pulsating  regime, 
and  to  generalize  the  results  of  these  investigations. 


Fig  4.  The  stamp  of  spin  detonation  on  straightened  cooper  tube  witness  plate, 
inside  those  the  cast  charge  of  TNT/RDX  85/15  has  been  placed, 

2.  EXPERIMENTAL 

The  experiments  were  carried  out  with  cast  charges  on  a  base  of  commercial  grade  TNT 
and  DNT  whereas  RDX,  TETRYL,  PETN,  and  DINA  were  applied  as  sensitizers.  Some  of 
the  runs  were  carried  out  with  double  base  propellant  NB  and  pressed  charges  of  mixtures 
HMX/Paraffin.  The  methodology  of  carrying  out  of  experiments  was  the  same  as  in  work 
11,21 .  In  a  few  words  it  consist  from  next  operations.  Cast  charges  were  obtained  by  pouring  of 
melted  mixtures  into  glass  tubes  and  extracting  of  castings  from  the  tubes.  The  dependence 
of  failure  detonation  diameter  (d£)  versus  content  of  sensitizer  (Cs)  for  each  mixture  under 
investigation  was  measured  by  the  method  of  “go-no-go”,  with  the  exception  of  the  mixture 
TNT/TETRYL,  that  was  investigated  only  at  15-30%  sensitizer  content  in  charges  of  12-14 
mm  diameter. 

The  charges  were  fastened  to  a  copper  or  brass  witness-plate  so  that  a  ~5  mm  clearance 
took  place  between  cylinder  surface  and  the  plate.  The  pressed  pellets  of  phlegmatized  RDX 
(d=12  mm,  m=2  g,  density  p=1.67-1.68  g/cm  )  were  used  as  booster.  Russian  streak  cameras 
GFR-3  and  SFR-2  were  employed  to  register  the  luminosity  of  detonation  and  to  measure 
detonation  velocity  (De).  Sometimes,  the  mirror  installed  at  45°  angle  to  the  charge  axis 
under  the  bottom  of  charge  was  used.  This  set  up  permitted  to  fix  the  luminosity  in  the 
clearance  between  the  charge  and  the  witness-plate  one  can  see  it  in  bottom  part  of  photos  in 
Figs  1-2. 
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3. 


RESULTS 


The  dependencies  df  versus  Cs  of  explosive  systems  under  investigation  are  compared  in 
Fig.  5.  The  spin  regime  of  detonation  was  fixed  for  TNT/RDX,  TNT/PETN,  TNT/DINA,  and 
TNT/  TETRYL.  The  first  three  dependencies  are  similar  to  each  other,  small  plateaus  are 
observed  on  smooth  curves.  Narrow  dents  or  furrows  of  1-2  mm  wide  and  0.5-1  deep  at  a 
45-60°  angle  to  the  charge  axis  covered  the  surface  of  copper  or  brass  witness-plate  over 
which  the  charge  was  fixed  at  the  sensitizer  content  coinciding  with  plateau  region.  The 
traces  of  light  irradiated  by  the  detonation  front  on  the  streak  camera  records  were  also  rather 
inhomogeneous  (Fig.l).  The  distance  between  narrows  on  the  witness-plate  corresponded  to 
distance  between  traces  on  streak-camera  records  (step  of  pulsation  -  h,  mm)  in  every 
experiment. 


Fig  5.  The  dependencies  df  versus  content  of  sensitizer  (Cs).  1  -  TNT/PETN, 

2  -  TNT/RDX,  3  -  TNT/DINA,  4  -  DNT/  PETN,  5  -  Paraffin/HMX, 

6  -  DNT/DINA. 

The  TNT/RDX  and  TNT/PETN  curves  are  similar  one  to  another,  whereas  TNT/DINA 
curve  disposes  appreciably  higher.  In  other  words,  DINA  is  less  effective  sensitizer  of  TNT 
then  RDX  and  PETN  are.  The  thorough  description  of  investigation  of  frequency  of 
fluctuation  (f=  De/h)  and  as  well  as  calculation  of  kinetic  parameters  of  the  reactions  at 
TNT/RDX  spin  detonation  are  contained  in  the  works  |1,21.  The  same  low  frequency  pulsating 
(2-3  MHz)  is  observed  in  the  course  of  experiments  on  TNT/DINA  (Fig.  6)  and 
TNT/TETRYL  spin  detonation. 

Experimental  detonation  velocity  at  spin  detonation  of  all  of  systems  studied  are  very 
close  to  calculated  one  by  the  method  fS|,  however,  sometimes  it  is  a  little  bit  greater  than 
that  calculated  value.  It  is  demonstrated  in  Fig  7  for  TNT/DINA  cast  charges.  When 
detonation  propagates  without  pulsation  (at  a  large  content  of  sensitizer)  the  calculated 
detonation  velocity  is,  as  a  rule,  greater  than  the  experimental  one  for  all  of  the  systems 
under  investigation. 
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Fig  6.  The  streak-camera  record  (a)  at  spin  detonation  of  TNT/DINA  80/20 
(d=15.5  mm)  the  photograph  of  witness-plate  (b)  at  spin  detonation 
of  TNT/TETRYL  85/15  (d=12  mm)  cast  charges 


Fig  7.  Difference  between  experimental  (De)  and  calculated  (Dc)  detonation 

velocity  vs.  Dina  content  of  TNT-DINA  cast  charges.  Low  frequency  spin 
detonation  propagated  at  Cs<25%. 

The  spin  detonation  of  DNT/PETN  cast  charges  was  observed  only  at  52.5%  PETN 
content  in  the  mixture,  the  frequency  of  pulsation  sharply  decreased  from  f=7  MHz  to  3 
MHz  between  the  Cs=52%  and  Cs=52.5%  (Fig  8). 
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The  pulsating  detonation  of  pressed  HMX-Paraffin  mixtures  are  not  observed. 


Fig  8.  Frequency  of  pulsation  versus  PETN  content  at  detonation  of  cast  DNT- 
PETN  charges. 

4.  DISCUSSION 

To  explain  the  discrepancy  between  TNT-RDX  and  TNT-DINA  df(CN)  dependencies  the 
calculated  detonation  velocity  (Dj)  and  pressure  (Pcj)  vs.  Cn  were  analyzed  and  shock¬ 
heating  temperature  (Ts)  and  pressure  (P3)  temperature  (T3)  in  the  reaction  zone  defining  the 
process  of  reinitiating  of  detonation  wave  in  the  zone  of  instability  according  A.N.  Dremin’s 
failure  diameter  theory  ,6'71  were  calculated.  The  results  of  calculation  are  represented  in 
Table  1. 

The  mixtures,  containing  20,  30,  and  40%  of  RDX  in  the  TNT/RDX  mixtures  have 
detonation  pressure  on  1.3,  1,  and  2.7  GPa  higher  than  corresponding  compositions  of 
TNT/DINA.  Similar  situation  is  noted  at  comparison  of  the  P3  values.  Correspondingly, 
values  T3  for  mixtures  TNT/RDX  are  on  60-100  degrees  higher  than  of  TNT/DINA.  Bearing 
in  mind  the  exponential  dependence  of  the  reaction  velocity  vs.  temperature,  such  difference 
can  explain  the  detonation  proceeding  in  TNT/RDX  mixtures  at  lower  diameter. 

The  technological  factors  could  influence  on  the  specific  of  df(CN)  curves  location  could 
cause.  Conditions  of  crystallization  of  TNT/RDX  mixtures  (suspension)  probably  essentially 
differ  from  them  of  TNT/DINA  solution. 

Calculation  detonation  parameters:  velocity  (Dj)  and  heat  (Qv)  of  detonation  was  carried 
out  within  the  framework  of  the  SD  computer  code  fS|,  the  results  are  collected  in  Table  2. 

One  can  note  that  systems:  TNT/RDX,  TNT/PETN,  double  propellant  NB,  TNT/DINA, 
TNT/TETRYL,  and  DNT/DINA,  detonating  with  low  (1-3  MHz)  frequency  spin  pulsation, 
have  approximately  the  same  calculated  detonation  parameters:  Dj  =  7. 3-7.4  km/s,  Qv=  5.4 
MJ/kg.  The  compositions  TNT/DINA  with  Cs>25%,  which  detonate  without  spin  pulsation, 
have  calculated  values  Qv  and  Dj  higher  than  that  named  above.  Qv  and  Dj  of  itself  DINA 
sufficiently  higher  than  5.4  MJ/kg  and  7. 3-7.4  km/s,  correspondingly,  and  spin  pulsation  at 
detonation  of  charges  of  liquid  Dina  were  not  observed. 
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Table  1.  Shock-heating  temperature  (Ts),  pressure  (V 5),  and  temperature  (T 3) 
of  TNT  mixtures  with  DINA  and  RDX. 


System 

Pcj,  GPa 

P3,  GPa 

Ts,  K 

t3,k 

TNT 

19.7 

12.3 

1523 

1063 

TNT-DINA  80/20 

21.22 

13.3 

1622 

1123 

TNT-RDX  80/20 

22.48 

14.4 

1706 

1190 

TNT-DINA  70/30 

21.99 

13.7 

1673 

1147 

TNT-RDX  70/30 

23.97 

15.0 

1806 

1227 

TNT-DINA  60/40 

22.76 

14.2 

1724 

1178 

TNT-RDX  60/40 

25.44 

15.9 

1906 

1282 

Table  2.  Step  and  frequency  of pulsation,  calculated  detonation  velocity  (Dc) 
and  heat  of  explosion  of  systems  under  investigation 


System 

Experimental  parameters 

Calc,  parameters 

p,  g/cm3 

df,  mm 

h,  mm 

f,  MHz 

Dc,  km/c 

Qv, 

MJ/kg 

TNT-RDX  87.5/12.5 

1.62 

8 

-3 

~1.8 

7.37 

5.40 

TNT-RDX  85/15 

1.62 

8 

-3 

-7 .8 

7.41 

5.42 

TNT-PETN  87/13 

1.61 

7 

3-4 

-2 

7.28 

5.40 

Propellant  NB 

1.56 

~9*) 

3 

2.5 

7.40 

5.39 

DNT-DINA  30/70 

1.50 

12.5 

>10 

-1 

7.29 

5.40 

DINA  (melt) 

1.50 

4.5 

<1 

>7.5 

7.59 

5.76 

TNT-DINA  85/15 

1.612 

18 

3.4 

2.1 

7.327 

5.38 

TNT-DINA  80/20 

1.60 

14 

3.4 

2.1 

7.324 

5.4 

TNT-DINA  75/25 

1.61 

95 

3.2— >1.4 

2.1-*5.3 

7.410 

5.43 

TNT-DINA  70/30 

1.58 

9.5 

1.4 

5.2 

7.332 

5.44 

TNT-DINA  65/35 

1.564 

7.8 

1.4 

5.2 

7.312 

5.46 

TNT-DINA  60/40 

1.605 

7.5 

1.4 

5.4 

7.524 

5.51 

TNT-DINA  55/45 

1.62 

5.5 

1.4 

5.4 

7.629 

5.55 

TNT-TETRYL  70/30 

1.66 

- 

2.1 

3 

7.48 

5.47 

TNT-TETRYL  80/20 

1.65 

- 

3 

2.3 

7.42 

5.42 

*’  at  T=60°C 
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The  heat  of  explosion  of  Paraffin/HMX  mixtures  at  Cs=55-80%  does  not  attain  the  value 
of  5.4  MJ/kg  and,  although  at  Cn  =  70-75%  Dj=  7. 8-7.4  km/s,  pulsating  of  detonation  were 
not  fixed. 

As  it  was  noted  above,  the  spin  pulsation  in  DNT/PETN  system  was  registered  at 
Cpetn=52.5%.  The  heat  of  explosion  equals  5.4  MJ/kg  and  Dj  =  7.3  km/s  just  at  this 
composition.  DNT  is  more  inert  component  than  TNT  and  deceleration  of  decreasing  df  of 
the  curve  4  (Fig.  5)  at  Cs  arising  is  not  observed  at  weak  spin  pulsating. 

5.  CONCLUSION. 

Thus  the  number  of  cast  explosive  systems  able  to  detonate  in  spin  regime  extended. 
Detonation  velocity  and  heat  of  explosion  of  them  were  calculated  and  found  to  be  the  same 
for  all  the  systems,  detonated  in  low  frequency  (1-3  MHz)  spin  regime:  Dj  =  7. 3-7.4  km/s 
and  Qv=  5.4  MJ/kg. 
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Abstract: 

The  ultimate  objective  of  our  work  was  to  measure  the  failure  detonation  diameters  of 
solutions  of  nitro  derivative  of  toluene:  TNT,  DNT  and  MNT,  and  of  nitro  derivative  of 
benzene:  TNB,  DNB  and  MNB  in  strong  nitric  acid  at  oxygen  balance  A  =0%.  They  were 
measured  by  means  of  technique  of parallel-plate  cells.  The  cells  were  glued  from  glass 
photo  plates,  each  of  them  had  the  constant  thickness  (1.1-1. 4  mm).  The  clearance  of 
cells  was  made  by  means  of  placing  teflone  sheets  between  sides  of  glass  plates 
Equivalent  failure  diameter  of  detonation  of  the  solution  of  TNT  and  TNB  was  d,=0. 1 0 
mm,  of  DNT  and  DNB  -  df=0.18  and  0.15  mm,  and  of  MNT  and  MNB  -  df=0.6  and  0.2 
mm,  correspondingly.  Simultaneously  the  detonation  parameters  of  the  solutions 
investigated  were  calculated  by  means  of  SD  computer  code  at  experimentally  measured 
densities  of  solutions.  Distinction  of  df  values  was  explained  by  discrepancy  of  its 
calculated  detonation  parameters. 

Keywords:  detonation,  nitric  acid,  nitrompounds 


1.  INTRODUCTION 

The  mixtures  containing  the  strong  nitric  acid  (NA)  and  organic  compounds  are  known 
to  be  the  reaction  mixtures  of  some  nitration  processes.  The  investigation  of  detonation 
ability  of  these  mixtures  is  the  important  part  of  the  complex  estimation  of  explosion  hazard 
of  the  nitrocompounds  manufacturing. 

The  dependencies  of  failure  detonation  diameter  (df)  of  solution  of  di-  (DNT)  and 
trinitrotoluene  (TNT)  in  NA  on  its  content  (Cn)  were  investigated  in  references  f1,2'.  df  of 
these  systems  at  oxygen  balance  A=0%  were  found  to  be  extremely  small  (df<l  mm),  and  it 
was  impossible  to  measure  its  exact  value  by  means  of  the  method  “go-no  go”  in  glass  tubes. 
At  A<0%  and  A>0%  the  df  (Cn)  curve  were  defined. 

The  precise  method  of  measuring  df  less  than  1  mm  was  elaborated  in  works  13,41 .  And  df 
of  solutions  of  TNT,  DNT,  and  mononitrotoluene  (MNT)  in  strong  nitric  acid  were 
measured,  at  A=0%  ,4'.  They  were  equal  to  0.1,  0.18,  and  0.6  correspondingly.  The 
dependencies  df  versus  NA  (anhydride,  i.e.  100%  HNO3)  content  (Cn)  are  shown  in  Fig.  1. 
Detonation  abilities  of  solutions  of  mono-  (MNB),  di-  (DNB),  and  trinitrobenzene  (TNB)  in 
strong  nitric  acid  are  investigated  near  oxygen  balance  A=0%  in  this  work. 
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Fig  1.  The  dependencies  df  of  solutions  of  nitrotoluenes  in  strong  NA  versus  NA 
(anhydride)  content  (Cn) 

2.  EXPERIMENTAL 

2,4-DNB  and  MNB  were  commercial  grade  products,  the  melting  point  of  DNB  was  Tm 
=  89  °C.  TNB  was  synthesized  in  the  Laboratory,  and  was  recrystallizated,  Tm  =  123  °C.. 
The  strong  NA  (“chemically  grade”),  which  had  a  concentration  Cn=94-98%,  was  used  for 
preparation  of  the  solutions.  Concentration  of  NA  changes  continuously  at  storage,  and  it 
was  controlled  before  preparation  of  every  solution. 

The  methodology  of  investigation  based  on  the  technique  using  parallel-plate  cells 
which  had  been  proposed  in  reference  fS|  for  measurement  of  df  of  methylnitrate  (df=2  mm), 
but  it  was  improved  to  measurement  of  df<l  mm. 

The  walls  of  cells  were  cut  out  from  glass  photography  plates  (the  emulsion  was 
removed  preliminary).  One  of  the  walls  was  some  longer  and  wider  than  another  one.  The 
thin  Teflon  films  or  strips  of  glass  were  placed  between  walls  in  left,  right  and  bottom  side  of 
vessel,  and  then  the  walls  were  glued  together  by  means  of  water  glass.  The  thickness  of 
each  photography  plates  (5)  is  known  to  be  strictly  constant  in  any  direction  and  it  allowed  to 
measure  the  thickness  of  clearance  (d)  between  walls  of  the  vessel  within  an  accuracy  of 
0.01  mm.  From  plate  to  plate  5  varied  in  the  limits  of  1.1 -1.4  mm.  The  values  of  d  in  the 
experiments  were  changed  in  the  limits  of  0.05  to  1.50  mm.  The  width  and  the  length  of  the 
layer  of  a  liquid  in  the  vessel  were  H=25-30  mm  and  L=75-80  mm,  correspondingly.  Thus 
the  ratio  L/d  in  some  experiments  on  the  order  of  magnitude  was  10  and  never  was  less  than 
50.  The  widening  of  channel  in  the  top  of  the  vessel  was  made  by  means  of  gluing  together 
of  two  triangular  and  one  rectangular  glass  sheets  and  longer  wall  of  vessel  to  provide 
normal  initiation  of  detonation.  The  photo  of  cell  is  shown  in  Fig.  2.  The  pellets  (d=5  mm)  of 
pressed  phlegmatized  HMX  protected  by  means  of  polyethylene  film  were  used  as  boosters. 
Propagation  or  failure  of  detonation  were  registered  by  means  of  brass  witness-tube 
(diameter  of  the  tube  is  6  mm)  which  was  placed  between  wide  side  of  the  vessel  and  the 
heavy  steel  plate.  The  character  of  deformation  of  tube  specified  detonation,  attenuation,  or 
absence  of  detonation  13,41 . 
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Fig  2.  The  photo  of  glass  cell 


3.  RESULTS 

The  dependencies  of  density  on  composition  of  solutions  on  base  of  nitrotoluenes  were 
measured  by  means  of  picnometer.  The  data  are  presented  in  Fig.  3,  the  points  signify  the 
results  of  measurements,  dash  lines  are  results  of  calculation  according  to  the  rule  of  specific 
volumes  additivity. 


Fig  3.  The  dependencies  of  density  on  composition  of  solutions  on  base 
of  nitrotoluenes  measured  by  means  of  picnometer  (points)  results 
of  calculation  according  to  the  rule  of  specific  volumes  additivity 
(dash  lines) 

The  results  of  the  experiments  with  solution  of  TNB,  DNB,  and  MNB  in  NA  are  shown 
in  Figs.4a,  4b,  4c,  correspondingly.  Dark  points  signify  propagation  of  detonation,  open 
points  are  failure  of  detonation,  and  crosses  are  damping  of  detonation.  Equivalent  diameter 
df=  4  F/P  (where  S  is  cross  section  and  P  is  perimeter  of  a  charge)  is  used  as  ordinate  (as  and 
in  Fig.  1).  The  content  of  nitric  acid  (anhydride)  in  solution  is  used  as  abscise.  The  lines 
dividing  arias  of  dark  and  open  points  are  df(CN)  dependencies. 
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The  curves  df(CN)  in  Figs.4a  -4c  are  similar  each  other.  The  values  of  dfmm  for  the 
solutions  of  TNB,  DNB,  and  MNB  in  NA  are  0.10,  0.15,  and  0.2  correspondingly. 

4.  DISCUSSION 

The  comparison  of  denotation  ability  of  systems  under  investigation  is  given  in  Fig. 5a 
and  fig.  5b  in  coordinates  A-df.  One  can  see  that  solutions  have  the  minimal  failure 
detonation  diameter  dfIT"n  at  A=0%,  but  for  TNT  and  TNB -systems  its  are  approximately  half 
as  much  then  dfmm  of  DNT  and  DNB  solutions  and  some  (2-6)  times  less  then  dfmm  of  MNT 
and  MNB  solutions. 


-100  -50  0  50 


a  b 

Fig  5.  Detonation  ability  of  nitrocompounds  solution  in  NA  vs.  oxygen  balance. 

Densities  of  solutions  on  a  base  of  nitrobenzenes  were  not  measured  experimentally  and 
they  were  calculated  according  to  the  rule  of  specific  volumes  additivity  and  were  used  in 
detonation  parameters  calculation  process.  As  one  can  see  in  Fig.  3,  difference  between 
calculated  and  measured  density  in  case  of  nitro toluenes  systems  is  not  too  large.  Detonation 
parameters  of  solutions  were  calculated  by  means  of  SD  computer  code  f6'  and  some  of  them 
(Qv  -  heat,  D  -  velocity,  Pj  -  pressure,  and  TD  -  temperature  of  detonation)  for  systems  having 
A=0%  are  collected  in  Table  1.  Contents  of  nitrocompounds  (fuel)  in  the  solution  of  strong 
nitric  acid,  which  was  applied  as  dissolvent  for  every  solution  preparation,  are  also  presented 
in  Table  1. 

As  it  was  shown  in  works  11,21 ,  the  dependencies  of  detonation  parameters  vs.  oxygen 
balance  had  maximums  at  A=  0%.  Solutions  in  Table  1  are  arranged  in  ascending  order  of  df. 
As  the  main  goal  of  this  work  was  description  of  the  methodology  of  carrying  out  the 
experiments  and  obtaining  values  of  df,  we  only  remark  here  that  growth  df  follows  the 
tendency  of  TD,  Q,  and  Pj  values  reduction. 

Detailed  generalization  of  this  results  according  to  Dremin  theory  of  detonation  failure 
diameter  based  on  conception  of  pulsating  reaction  zone  reinitiating  of  detonation  in  this 
zone  near  the  limit  of  detonation  propagation  proceeds  is  carried  out  in  work  181  which  is 
reporting  in  this  seminar. 
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Table  1.  The  detonation  parameters  of  the  solution  of  nitrocompounds  (fuel) 
in  strong  nitric  acid,  at  A=0% 


df, 

mm 

Fuel 

D,  km/s 

Q,MJ/kg 

P,  GPa 

Td,K 

name  Content, 

%  mass 

0.1 

TNT 

45.0 

7.24 

6.0 

18.9 

4560 

0.1 

TNB 

51.9 

7.14 

6.2 

18.3 

4820 

0.15 

DNB 

39.5 

6.93 

6.0 

16.6 

4630 

0.18 

DNT 

34.7 

6.89 

5.9 

16.1 

4410 

0.2 

MNB 

26.9 

6.83 

5.8 

15.6 

4290 

0.6 

MNT 

25 

6.6 

5.7 

14.4 

4220 
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FAULT  TREE  ANALYSIS 

IN  THE  PROCESS  SAFETY  INCIDENT  INVESTIGATION 
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Abstract: 

This  contribution  is  focused  on  methods  for  incidents  investigation  and  its  application  in 
chemical  industry.  It  contains  a  literal  retrieval  focused  on  basic  principles  of  incident 
investigation  and  in  practice  section  using  one  of  the  basic  investigation  techniques  - 
Fault  Tree  Analysis.  System  evaluation  of  gelatination  of  nitrocellulose  oriented  to  fire 
in  object  is  the  result  of  this  work.  “Minimal  cut  sets”  (MCS)  was  obtained  from  the 
basic  even  ts  probability  of  the  constructed  fault  tree.  Probability  of  inciden  ts  was  then 
determined  from  MCS  causes  and  corrective  actions  were  recommended.  In  final  part  of 
this  contribution,  benefits  and  deficiencies  of  this  systematic  incident  investigation  was 
compared  with  traditional  investigation  with  commission. 

Keywords:  fault  tree  analysis,  incident  investigation,  FTA  accident  analysis, 

incident  investigation  techniques 


1.  INTRODUCTION 

The  systematic  approach  to  evaluation  of  incidents  is  not  often  used  in  Czech  Republic. 
Confidence  to  other  types  of  incidents  evaluation  used  by  commission  dominates  in  Czech 
Republic.  Therefore  the  first  section  of  this  contribution  is  focused  on  investigation 
techniques,  on  investigation  access  and  on  positive  and  negative  aspects  of  techniques.  The 
second  section  is  focused  on  practical  use  of  accident  investigation  technique. 

The  contribution  follows  new  and  effective  approach  to  finding  causes  of  incidents  and 
removing  reasons  of  events.  New  investigation  approach  has  several  properties  that  are 
preferable  in  investigation  process  and  during  design  of  a  technology.  This  approach 
identifies  and  decreases  the  hazard  of  incidents  in  the  technology  during  its  following 
operation. 

Evaluation  of  new  incident  investigation  approach  in  regard  to  investigation  used  up  to 
now  and  evaluation  of  the  positive  and  negative  aspects  of  this  investigation  approach  are 
the  results  of  this  contribution.  The  quality  of  the  results  given  by  used  technique  of  accident 
investigation  and  the  process  of  investigation  were  compared  with  the  process  of 
conventional  investigation  commission. 

The  most  important  benefit  of  systematic  investigation  approach  compared  with  the 
“commission  investigation”  is  that  systematic  approach  takes  into  account  and  evaluates 
properties  of  the  whole  system  and  the  complex  incident  evaluation  is  the  result. 

Systematic  investigation  approach  of  incident  evaluation  has  its  undisputed  benefits  and 
therefore  is  used  for  incident  evaluation  in  European  Union  so  it  is  important  to  explore  this 
section  of  loss  prevention  in  the  process  industries  in  Czech  Republic  too. 
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2. 


INVESTIGATON  TECHNIQUES 


2.1  Introduction 

Incident  investigation  is  important  section  of  process  safety  management  (PSM). 
Knowledge  “what  goes  wrong”  and  “why  goes  something  wrong”  can  avoid  the  repetition  of 
events  by  changes  in  operation  procedures,  project  facilities  or  operators  training. 

“Process  safety  management”  represents  the  use  of  management  systems  for 
identification,  understanding  and  control  of  the  process  hazards  to  prevent  injuries  and 
incidents.  “Process  safety”  can  be  understood  as  dynamic  system  concerning  technologies, 
materials,  people  and  equipment.  PSM  program  ensures  that  right  constructed  equipment  is 
operated  and  maintained  in  safety  state. 

The  term  “incident”  is  defined  as  accident  with  real  negative  consequence  and  the  term 
“accident”  is  generally  defined  as  unplanned  event  with  potential  for  undesirable 
consequences.  Naturally,  accidents  also  involve  “near-miss”  events,  which  can  be 
understood  as  nearly  accident. 

2.2  Investigation  techniques  and  approach 

Three  basic  problems  appear  during  systematic  incident  investigation:  incident  cause 
investigation,  appropriate  investigation  technique  selection  and  application  of  available 
technique  for  process  safety  incident  investigation  (PSII). 

PSII  can  profit  from  systematic  approach.  Structured  approach  to  PSII  usually  represents 
direct  implementation  of  process  safety  management  and  ensures  consistent  and  accurate 
investigation  effort.  There  is  not  any  technique  applicable  to  any  kind  of  incident,  therefore 
incident  investigator  has  to  use  assessments  and  make  adaptations  to  enhance  PSII  and 
contribute  to  solution  why  and  how  accident  occur. 

Three  approaches  for  incident  investigation  exist:  type  1  is  a  traditional  investigation 
based  on  informal  control,  type  2  based  on  committee,  which  use  expert  opinion  for  credible 
resolution  and  measures  and  type  3  is  multiple-cause,  system  oriented  incident  investigation. 

This  contribution  is  focused  on  type  3  of  investigation  approach. 

2.3  Cause  theories  of  incidents 

Classic  accident  theory  is  Cause  theory  [  ],  which  significantly  influences  real  PSII. 
Author  of  this  method  defined  five  dominating  causes:  origin  and  social  background,  error  or 
people,  hazardous  activity,  hazardous  conditions  and  injury. 

2.4  Human  factor  in  incident  cause 

Permanent  searching  of  basic  causes  in  the  background  of  the  accident  is  basic  rule  of 
modem  PSII.  If  for  example  human  factor  has  been  identified,  the  investigation  process  must 
continue  in  this  error  basic  cause  search.  Human  factor  plays  important  role  in  incident 
causes  and  is  the  axiom  of  the  systematic  incident  investigation.  The  term  “human  factor” 
describes  individual  elements  of  design,  maintenance,  operations  and  management.  These 
factors  can  influence  the  ability  of  people  to  affect  the  environment  safely. 

Human  factor  is  described  by  “Skills  -  Rules  -  Knowledge”  model,  which  was 
developed  as  the  frame  for  human  factor  classification.  This  model  divides  mental 
procedures  into  three  levels  of  execution. 
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Conventional  ability  of  observations,  hand-eye  coordination  and  skill  control  are  on  the 
lower  level.  Rules  performed  by  routine  way  are  on  the  second  level.  Finally,  procedures 
based  on  knowledge  as  diagnostics,  determination  and  planning  are  on  the  highest  level. 

2.5  Incident  investigation  techniques 

Some  analytical  techniques  for  the  incident  investigation  based  on  general  anatomy  of 
incident,  incident  theory,  human  factor  theory  and  views  from  practice  PSII  have  been 
certified  and  realized.  All  available  techniques  are  used  for  three  intentions:  to  collect 
accident  information,  to  support  description  of  incident  cause  and  hypothesis  development 
for  further  expert  exploration  and  to  support  evaluation  of  corrective  actions.  Three 
analytical  approaches  of  type  3  investigation  exist:  deductive,  inductive  and  morphological. 

Deductive  approach  includes  consideration  starting  from  general  and  going  to 
characteristic.  Deductive  analysis  tries  to  determine,  which  modes  of  system,  equipments, 
operational  and  organizational  modes  have  contribution  to  error.  Incident  investigation  is 
typical  application  of  deductive  approach  121  and  Fault  Tree  Analysis  is  basic  example. 

Inductive  approach  involves  logic  thought  from  individual  cause  to  general  conclusions. 
This  approach  determine,  what  error  or  initiation  event  occurred  during  system  operation. 
HAZOP  is  typical  example  of  inductive  technique. 

Morphological  approach  to  analytical  accident  investigation  is  based  on  the  study  of 
existing  system  structure.  Morphological  approach  is  directly  focused  on  potential  hazardous 
equipments.  This  kind  of  investigation  is  controlled  by  the  system  design  and  by  the 
operator’s  experiences  with  system  management. 

2.6  Review  of  techniques 

2.6.1.  Deductive  techniques 

Fault  Tree  Analysis  (FTA),  Management  Oversight  and  Risk  Tree  (MORT),  Causal  Tree 
Method  (CTM),  Multiple-Cause,  Systems-Oriented  Incident  Investigation  Technique 
(MCSOII) 

2.6.2.  Inductive  techniques 

Accident  Anatomy  Method  (AAM),  Action  Error  Analysis  (AEA),  Cause -Effect  Logic 
Diagram  (CELD),  Hazard  and  Operability  Analysis  (HAZOP) 

2.6.3.  Morphological  techniques 

Accident  Evolution  and  Barrier  (AEB),  Work  Safety  Analysis  (WSA) 

2.6.4.  Other  non-systems  oriented  techniques 

Change  Evaluation/ Analysis  (CE/A),  Human  Performance  Enhancement  System 
(HPES),  Multilinear  Events  Sequencing  (MES),  Human  Reliability  Analysis  Event  Tree 
Technique  (HRA),  Sequentially  Timed  Events  Plot  (STEP),  Systematic  Cause  Analysis 
Technique  (SCAT),  Technique  of  Operation  Review  (TOR),  TapRooT™  Incident 
Investigation  System 
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3. 


FAULT  TREE  ANALYSIS 


3.1  Introduction 

Fault  Tree  Analysis  (FTA)  is  deductive  technique  focused  on  specific  incident  or  system 
failure  and  provides  a  method  for  identification  of  event  cause.  FTA  is  a  graphical  model 
that  illustrates  combinations  of  equipment  failures  and  human  errors  that  can  result  in  the 
main  failure  of  the  system  of  interest,  called  top  event f3, 4’ 5’ 6’ 7’  8,\  The  strength  of  FTA  as  a 
qualitative  tool  is  in  its  ability  to  identify  the  combinations  of  basic  equipment  failures  and 
human  errors,  which  can  lead  to  accident.  This  allows  the  risk  analyst  to  focus  preventive  or 
mitigative  measures  on  significant  basic  causes  to  reduce  the  likelihood  of  accident. 

The  purpose  of  an  FTA  is  to  identify  combinations  of  equipment  failures  and  human 
errors  that  can  result  in  accident.  FTA  is  well  suited  for  analyses  of  very  large  systems. 

FTA  produces  system  failure  models,  which  uses  Boolean  logic  gates  (AND,  OR  ...)  to 
describe  how  equipment  failures  and  human  errors  can  be  combined  to  cause  a  main  system 
failure.  Lists  of  minimal  cut  sets  can  be  qualitatively  ranked  by  the  number  and  type  of 
failures  (e.g.  hardware,  procedural  ...)  in  each  cut  sets.  Critical  cut  sets  containing  more 
failures  are  generally  less  probable  than  those  containing  fewer  failures.  Evaluation  of  lists 
of  minimal  cut  sets  reveals  system  design/operation  weakness  for  which  analyst  may  suggest 
possible  safety  improvement  alternatives. 

Using  FTA  requires  a  detailed  understanding  of  how  the  plant  or  system  operates, 
detailed  process  drawings  and  procedures,  and  knowledge  of  component  failure  modes  and 
their  effects.  Time  and  cost  requirements  for  an  FTA  depend  on  the  complexity  of  the 
systems  involved  in  the  analysis  and  the  level  of  resolution  of  the  analysis.  Modeling  a 
single  top  event  involving  simple  process  by  experienced  team  could  require  a  day  or  less. 
Complex  systems  and  large  problems  with  many  potential  accident  events  could  require 
many  weeks  or  months,  even  with  an  experienced  analysis  team. 

FTA  is  a  deductive  technique,  which  uses  Boolean  logic  symbols  to  break  down  the 
causes  of  a  top  event  into  basic  equipment  failures  and  human  errors.  The  analyst  begins 
with  an  accident  or  undesirable  event,  which  means  that  an  immediate  cause  of  the  event  is 
identified.  Each  of  immediate  causes  (called  fault  events)  is  further  examined  in  the  same 
manner  until  the  analyst  identifies  the  basic  causes  of  each  fault  event  or  reaches  the 
boundary  established  for  the  analysis.  The  resulting  fault  tree  model  displays  the  logical 
relationships  between  the  basic  events  and  the  selected  top  event. 

A  fault  tree  model  can  be  used  to  generate  a  list  of  the  failure  combinations  that  can 
cause  the  top  event.  These  lists  are  known  as  cut  sets.  A  minimal  cut  set  (MCS)  is  a  smallest 
combination  of  component  failures,  which  will  cause  the  top  event  to  occur  [9, 101  if  they  all 
will  occur  or  exist  simultaneously. 

The  fault  tree  is  a  graphical  representation  of  the  relationships  between  failures  and 
specific  accidents.  Some  FTA  symbols  are  shown  in  Fig  1. 

Faults  and  failures  described  in  a  fault  tree  can  be  grouped  into  primary  faults  and 
failures  (failure  in  environment  for  which  operation  of  component  was  intended),  secondary 
faults  and  failures  (failure  in  environment,  for  which  operation  of  component  was  not 
intended)  and  command  faults  and  failures  (operation  of  component  is  called  a  malfunction, 
because  the  component  function  was  not  desired). 
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Fig  1.  Some  FTA  symbols 

There  are  many  commercially  available  software  programs  specifically  designed  to 
perform  Fault  Tree  Analysis  studies,  including  BRAVO,  CAFTA+PC,  CARA, 
FaultrEASE,  IRRAS-PC,  NUSSAR-PC,  RISKMAN 

3.2  Fault  Tree  Analysis  procedure 

There  are  four  steps  in  analysis  procedure:  definition  of  the  problem,  construction  of  the 
fault  tree,  analysis  of  the  fault  tree  model  qualitatively  and  documentation  of  the  results. 

A  top  event  and  boundary  conditions  for  the  analysis  must  be  selected  to  define  the 
problem.  These  boundary  conditions  include  physical  bounds  system,  level  of  resolution, 
initial  conditions,  neglected  events,  real  conditions  and  other  assumptions. 

Fault  tree  construction  begins  at  the  top  event  and  proceeds,  level  by  level,  until  all  fault 
events  have  been  traced  to  their  basic  contributing  causes  -  basic  events.  The  analyst  begins 
with  the  top  event  and,  for  the  next  level,  uses  deductive  reasoning  of  causes  and  effects  to 
determine  the  immediate,  necessary  and  sufficient  error  resulting  in  the  top  event. 

The  completed  fault  tree  provides  useful  information  by  displaying  how  failures  interact 
to  result  in  an  accident.  Minimal  cut  sets  are  all  combinations  of  failures,  which  can  result  in 
the  fault  tree  top  event  and  they  are  logical  equivalent  to  the  information  displayed  in  the 
fault  tree. 

The  fault  tree  solution  method  has  four  steps: 

1.  unique  identification  of  all  gates  and  basic  events,  if  a  basic  event  appears  more 
than  once  in  the  fault  tree,  it  must  have  the  same  identifier  each  time; 

2.  resolution  of  all  gates  into  sets  of  basic  events,  resolution  is  displayed  in  a  matrix 
format  manually  or  with  software  aid,  there  are  two  rules  for  entering  the 
remaining  information  into  matrix  -  the  OR-gate  rule  an  the  AND-gate  rule; 

3.  removal  of  duplicate  events; 

4.  identification  and  deletion  of  all  supersets  that  appear  in  the  other  sets  of  basic 
events,  which  are  contained  in  the  list  of  basic  events. 

Once  the  list  of  minimal  cut  sets  for  a  particular  top  event  is  found,  the  analyst  can 
evaluate  the  constituent  failures  to  determine  the  “weak  links”  in  the  system.  Using  the 
results  of  this  qualitative  analysis,  fault  tree  analysts  can  propose  suggestions  for  improving 
the  safety  of  the  system  being  studied. 
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The  final  step  in  performing  a  fault  tree  analysis  is  to  document  the  results  of  the  study. 
This  should  provide  a  description  of  the  analyzed  system,  a  discussion  of  the  problem 
definition,  a  list  of  assumptions,  fault  tree  models  that  were  developed,  lists  of  minimal  cut 
sets  and  evaluation  of  the  significance  of  the  minimal  cut  sets.  In  addition,  any 
recommendations  that  arise  from  the  FTA  can  be  mentioned. 

The  ranked  list  of  minimal  cut  sets  for  a  system,  based  on  the  top  event  and  the  analyzed 
condition,  is  the  ultimate  product  of  qualitative  fault  tree  analysis.  The  fault  tree  model  is 
often  used  as  an  effective  communication  tool  with  both  technical  and  non-technical  decision 
makers.  Based  on  the  numbers  and  types  of  failures  in  the  minimal  cut  sets,  the  team  may 
recommend  improvements  that  will  make  the  top  event  less  probable. 

4.  FTA  ACCIDENT  ANALYSIS 

4.1  Introduction 

Above  described  FTA  method  was  used  in  practical  analysis  of  fire  in  building  B46 
(Synthesia  a.s.  Semtin)  for  nitrocellulose  gelatination  . 

Fire  probability  in  every  section  of  the  object  was  generated  by  fault  tree  of  the  whole 
object  and  than  compared  with  reality.  Than  relevant  sections  of  fault  tree  was  used  for 
investigation  of  the  accident  in  object  B  46.  All  available  descriptions  of  system  before  and 
after  accident  were  used. 

4.2  Description  of  object  B  46 

Object  B  46  is  bricked,  small  building  with  light  wooden  pressure -relief  roof.  There  are 
8  rooms  for  mixers  in  whole  building,  valve  chamber  and  2  engine  rooms.  Individual  rooms 
are  separated  by  firewalls.  The  front  pressure-relief  wall  of  the  rooms  is  made  by  wood. 
There  are  6  mixers  installed  in  rooms  No.  1-6,  rooms  No.  7  and  8  are  utilized  as  chambers 
for  fitting  workable  waste.  Non-sparking  asphalt  floors  are  in  the  rooms,  xylolite  is  used  for 
the  floor  in  the  valve  chamber.  Filled  ether  graduators  and  equipment  for  valve  ether 
injection  are  situated  in  the  valve  chamber. 

Installed  mixers  (No.  1-6)  are  powered  from  separate  engine  room  by  transmission  and 
power  belts.  Mixer  is  steel-iron  tub  with  capacity  of  450  liters  and  it  is  equipped  with 
cooling.  Two  horizontal  blenders  with  double  speeds  are  situated  in  the  mixer  tub.  The  tub  is 
cover  by  aluminium  cover,  which  is  hanged  on  balance  weight.  Rubber  seal  is  placed  on  the 
contact  surface  of  the  cover.  Outlet  spray  cross  is  mounted  at  the  bottom  side  of  the  cover. 
The  cross  is  connected  to  ether  graduator-tube  by  rubber  hose. 

Mixers  rooms  are  connected  to  central  exhaust  adsorption  system,  which  is  placed  in 
object  B  56.  This  system  is  controlled  by  fire  detectors  above  every  mixer,  which  switch  off 
the  adsorption  system  after  detection  of  the  fire.  A  pan  in  the  floor  for  power  belt 
(permanently)  and  whole  room  under  the  front  side  of  mixer  in  every  room  are  aspirated. 

Electric  illumination  of  the  rooms  is  in  non-explosive  configuration.  Water  deluge 
extinguishers  (manually  controlled  from  outdoor)  lead  into  every  room.  Every  mixer  is 
equipped  with  temperature  measuring  system.  Ether  flows  to  mixer  from  graduator.  Ethanol 
is  dosed  into  mixer  manually  from  ethanol  tank. 
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4.3  Incident  description 

The  incident  in  object  B  46  (nitrocellulose  gelatination)  occurred,  when  the  first  operator 
carried  away  two  transport  vessels  to  mixer  No.  4.  At  the  same  time  the  works  foreman 
activated  ether  inlet  to  mixer  and  consequently  the  last  operator  activated  stirring  of  the 
mixer.  Content  of  the  mixer  exploded  and  burned  shortly  after  the  mixer  was  activated.  The 
water  deluge  system  for  mixers  no.  4,  5  and  6  was  not  activated  due  to  licking  flames. 
Central  fan  of  the  absorption  system  was  disconnected  after  the  fire  rise. 

4.4  Object  and  equipments  description  after  incident 

Following  state  in  the  mixer  room  No. 5  was  found: 

The  mixer  was  not  visible  damaged;  the  aluminium  cover  lied  on  mixer.  Aluminium 
cover  was  shifted  approximately  10  cm  to  the  left.  The  cover  was  slightly  crushed,  but 
aluminium  was  not  melted.  The  hanger  of  the  cover  was  functioned,  the  mixer  content, 
except  small  rest,  was  burned  up.  The  rubber  hoses  for  ether  and  cooling  water  inlet  was 
burned  up.  The  power  belts  burned  up  and  the  exhaust  absorption  system  was  in  partially 
open  position.  Aspiration  tube  from  the  pan  in  the  floor  was  partly  damaged;  the  valve  of 
tube  was  opened.  Situation  in  the  room  of  mixer  No.  5  after  the  fire  is  shown  in  Fig  2. 
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Fig  2.  Situation  in  the  room  of  mixer  no. 5  after  the  fire 

I  -  tub  of  mixer,  2  -  cover  of  power  belt,  3  -  operating  wheel  transmission  clutch  of  blenders, 

4  -  aspiration  tube  from  the  room,  5  -  aspiration  tube  from  a  pan  in  the  floor, 

6  -  triple-pole  gate  of  aspiration  tube,  7  -  transporting  containers  (5  pieces)  prepared  for  collecting, 
8  -  laying  transport  container  from  position  7,  -  paddle,  10  -  the  rest  of  rubber-textile  bag, 

I I  -  primary  place  of  transport  container  with  wetted  ingredients, 

12  -  place  of  transport  container  after  incident  (primary  place  1 1), 

13  -  cover  of  the  transport  container  after  accident  (primary  place  1 1), 

14  -  a  part  of  homy  content  of  transport  container  (primary  place  11), 

15  -  bigger  part  of  homy  content  of  transport  container,  16  -  the  rest  of  transport  container, 

1 7  -  the  plate  for  picking  up,  1 8  -  bronze  hammer,  19-  balance  weight  cover  of  mixer  protector, 
20  -  water  supply  valve,  21  -  handling  (double)  door,  22  -  window,  23  -  emergency  door 


536 


4.5  State  of  the  technologic  equipments  after  control 

The  mixer  with  equipment  was  not  visually  damaged.  The  indoor  walls  of  mixer  was 
covered  by  the  layer  of  ash,  this  layer  was  moped  from  the  front  blender;  this  track 
corresponded  with  the  operation  of  the  blender.  The  distance  between  the  mixer  wall  and  the 
blender  was  1 5  mm  and  the  distance  between  the  blender  and  the  bottom  of  the  mixer  was 
10  mm.  These  distances  corresponded  with  prescribed  distances. 

The  electric  grounding  of  aluminium  cover  was  not  found  during  the  inspection  of  the 
mixer  and  even  the  rest  of  the  grounding  was  not  found.  The  socket  of  the  blenders  and  the 
felt  packing  on  the  blenders  was  all  right.  The  gearbox  of  the  blenders  was  not  damaged.  The 
inlet  tube  and  the  aspiration  tube  had  no  defect.  Any  strange  element  with  ability  to  produce 
the  spark  was  not  found  in  the  tub  of  the  mixer  and  in  the  rest  of  the  nitrocellulose. 

4.6  Definition  of  the  problem  for  Fault  Tree  Analysis 

•  top  event  -  fire  in  object  B  46  during  normal  operation 

•  undeveloped  events  -  wiring  failure 

•  material  boundaries  -  according  to  definition  of  the  system 

•  configuration  of  system  -  normal  operation  of  mixers  with  nitrocellulose  and  solvents 

•  level  of  resolution  -  according  to  definition  of  the  system 

•  other  assumptions  -  the  sabotage  is  not  included  in  the  analysis 

4.7  Fault  tree 

The  fault  tree  model  was  based  on  the  available  data  about  incident.  Specific  conditions 
of  presented  system,  its  shape  and  configuration,  used  chemicals  and  human  factor  impact 
was  used  during  the  fault  tree  model  development.  The  top  of  developed  fault  tree  is 
displayed  in  Fig.  3. 


Fig  3.  Top  tree  of  analyzed  accident 
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4.8  Events  probabilities  of  A  -  F  transfers 

The  developed  fault  tree  model  with  values  of  individual  events  probabilities  is  solved 
by  software  FaulTrEASE™  (loaned,  version  2.1a  by  Arthur  D.  Little)  which  provides  the 

o 

probabilities  of  particular  sub-trees  (Table  1.).  Probabilities  lower  than  1.10"  are  considered 
as  negligible  in  the  practice,  therefore  events  “ignition  of  the  ether  vapours”  and  “ignition  of 
vapours  in  the  tanks  rooms”  was  not  take  account  in  the  following  incident  evaluation. 

The  ignition  of  mixer  content  is  the  most  often  cause  of  fire  in  object  B  46  and  its 
probability  is  3,1.10"5.  The  frequency  “one  incident  per  3,3  years”  is  the  result  from 
estimated  production  cycle  frequency  (10.000/year).  As  a  matter  of  fact,  there  were  10  fires 
during  45  years  (1  accident  in  4,5  year)  in  the  nitrocellulose  gelatination  building  B  46.  This 
frequency  is  in  good  accordance  with  the  frequency  obtained  from  the  fault  tree  with  regard 
to  the  size  of  the  statistical  set  of  incidents  and  to  estimation  of  the  basic  events.  This  means 
that  probability  of  the  “ignition  of  the  mixer  content”  corresponds  to  reality. 

Table  1.  Sub  -trees  probabilities 


event 

transfer 

1 

ignition  of  ether  vapors  in  mixer  room 

A  +  B 

5,04. 10"9 

2 

ignition  of  the  mixer  content 

C  +  D 

3,14.10'5 

3 

ignition  of  ether  vapours  in  ether  graduator  room 

E 

7,96. 10"14 

4 

ignition  of  ethanol  vapours  in  tank  room 

F 

1,86. 10’13 

4.9  Ignition  of  the  mixer  content  event 
Table  2.  MCS  with  high  probability: 


mcs 

identific. 

basic  event 

general 

probability 

incident 

probability 

1 

33 

the  mixer  filled  with  the  nitrocellulose  and 
ether 

0,889 

1,000 

40 

damaged  electric  grounding  of  the  cover 

0,900 

41 

induction  of  the  static  electricity  on  the 
cover  by  outlet  of  the  ether  at  the  filling  of 
the  mixer  through  the  outlet  spray  cross 

1,000 

1,000 

26 

present  of  the  conductive  element  with 
ability  to  discharge  of  the  static  electricity 

0,833 

0,900 

mcs  = 

■■EKWIMf 

0,810 

2 

34 

insufficiently  wet  load  of  the  nitrocellulose 
in  the  mixer  (or  section  of  load) 

1,000.10"3 

0,200 

39 

local  overheat  of  nitrocellulose  load  at  pre¬ 
crunch 

0,010 

0,750 

mcs  = 

0,150 
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4.10  Recommendations 

Following  recommendations  can  be  deduce  from  minimal  cut  sets  of  sub-tree  “ignition 
of  mixer  content”: 

•  use  conducting  rubber  in  whole  object  (cover  seal  of  mixer,  inlet  hoses); 

•  consequent  use  of  proper  operators  clothes,  clothes  which  does  not  induce  static 
electricity; 

•  use  of  conducting  shoes  on  conducting  floor,  provide  a  replacement  for  the  non¬ 
conducting  floor  with  conducting  floor; 

•  consequent  grounding  of  all  metal  elements  in  room  and  its  consequent  naked  wires 
connection;  ensure  the  resistant  grounding  of  the  aluminium  cover  of  the  mixer; 

•  consequent  control  the  content  of  ethanol  in  nitrocellulose  load;  consequent  weighing 
of  filled  transportation  cart  and  estimation  of  ethanol  content  in  the  “cakes”. 

5.  CONCLUSIONS 

Fault  tree  and  his  minimal  cut  sets  were  obtained  from  application  of  the  Fault  Tree 
Analysis  to  “fire  in  object  B  46”  incident.  All  minimal  cut  sets  of  sub-trees  “ignition  of  ether 
vapours  in  mixer  room”  and  “ignition  of  ether/ethanol  vapours  in  tank  room”  are  not  very 
probable  therefore  the  solution  of  fault  tree  model  was  mainly  focused  on  cut  sets  of  sub-tree 
“ignition  of  mixer  content”. 

Most  probable  cause  of  a  “fire  in  object  B  46”  incident  is  ignition  of  mixer  content. 
Event  frequency  of  this  sub-tree  is  one  incident  per  3,3  year.  This  frequency  is  in  good 
accordance  with  real  frequency  of  incidents  -  1  incident  in  4,5  year.  Hence,  this  section  of 
fault  tree  model  corresponds  with  reality. 

This  fault  tree  analysis  indicates  that  incident  cause  “static  electricity  induction  in  the 
cover  of  mixer”  is  highly  probable.  The  spark  was  generated  after  grounding  of  accumulated 
static  electricity.  Than,  flammable  ether-air  mixture  in  the  mixer  was  ignited  by  the  spark. 
Ignition  of  the  insufficiently  wet  nitrocellulose  during  grinding  in  the  mixer  by  local 
overheating  is  the  second  possible  cause  of  incident  (with  lower  probability). 

“Static  electricity  induction”  was  also  the  conclusion  of  the  classic  incident  investigation 
method,  but  the  second  possible  cause  of  incident  was  not  considered  by  commission.  This  is 
main  lack  of  commissioning  investigation.  Commissioning  investigation  is  mainly  focused 
on  quick  identification  of  possible  cause,  but  does  not  evaluate  a  whole  system. 

Results  of  this  contribution  show  that  if  fault  tree  model  already  exists  than  Fault  Tree 
Analysis  is  quick  technique  for  incident  investigation.  FT  A  application  to  the  system  and 
basic  events  probability  evaluation  identify  weak  sections  of  the  system.  Further 
improvement  of  the  system  should  be  focused  on  these  weak  sections.  Incident  cause  can  be 
quickly  displayed  by  systematic  evaluation  of  basic  events  probabilities. 

Probability  evaluation  of  the  resulting  minimal  cut  sets  is  the  important  benefit  of  FTA 
in  comparison  to  classic  incident  investigation.  Probability  evaluation  accelerates  corrective 
actions  of  often  recurring  events.  Analyst  has  to  take  into  account  whole  system  therefore 
long  time  is  necessary  for  fault  tree  model  development  and  that  is  the  handicap  of  FTA. 

This  contribution  represents  the  first  step  in  the  accident  investigation  area.  This  work 
continues  at  Department  of  Theory  and  Technology  of  Explosives  and  other  incident 
investigation  method  will  be  applied.  Applied  methods  will  be  compared  and  some  complex 
system  of  accident  investigation  will  be  outlined. 
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Abstract 

Results  obtained  by  two  different  methods  of  pressure  measurement  are  discussed.  Maximum 
pressures  were  measured  simultaneously  in  the  cartridge  of  medium  calibre  weapon 
20  x  102  mm  by  copper  crusher  and  piezo  transducer.  Results  obtained  by  different  methods 
were  correlated  and  influence  of  testing  temperature  was  discussed. 

Keywords:  crusher,  pressure,  ammunition 


1.  INTRODUCTION 

Measurement  of  pressures  in  weapon  chamber  during  the  process  of  shooting  can  be  achieved 
by  two  methods.  First  of  them  is  the  measurement  by  copper  pressure.  Pressure  of  gases  inside  the 
cartridge  during  the  shot  makes  change  of  the  length  of  copper  cylinder  (crusher)  and  such  change 
of  dimension  is  proportional  to  the  maximal  pressure  inside  the  cartridge.  It  means  that  the  result  of 
such  measurement  is  single  value  which  is  related  to  the  maximal  pressure,  but  we  can  not  obtain 
any  information  about  pressure  changes  during  the  time.  The  other  method  of  pressure  measurement 
uses  piezo  transducer  that  is  connected  with  ballistic  analyser  and  the  result  is  complete  record  of 
pressure  built  up  during  the  shot.  Not  only  maximum  pressure  is  obtained,  but  also  many  other 
useful  information  related  to  the  process  of  propellant  burning  and  projectile  movement. 

At  present  time,  method  of  crusher  measurement  is  required  in  the  case  of  20x102  mm  weapon 
according  to  the  current  specification,  but  both  methods  are  applied  during  ballistic  testing  at  the 
ballistic  laboratory  of  Explosia  a.s.  Thus,  it  is  possible  to  perform  evaluation  between  both  methods 
using  results  obtained  during  last  several  years  of  testing. 

2.  EXPERIMENTAL 

2.1  Cartridge  setup 

Cartridges  consisted  of  bras  case  of  initial  volume  circa  W0=41cm  primed  by  electric  primer, 
dummy  projectile  of  weight  q=100  g.  Smokeless  spherical  propellant  was  used  as  the  propelling 
charge.  Ammunition  parts  of  various  producers  and  lots  were  used. 

2.2  Preparation  of  cartridges  before  testing 

Notch  was  cut  to  the  rim  of  the  bottom  of  the  case  to  ensure  correct  side  orientation  in  the 
chamber.  Two  openings  were  drilled  to  the  case  for  pressure  measurement  by  both  piezo  and 
crusher  methods.  Both  openings  were  blinded  by  sticky  tape.  Prepared  cartridges  are  presented  on 
Figure  1.  There  is  the  measuring  system  chart  on  the  Figure  2. 
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Fig  1.  Types  of  setups  of  tested  cartridges  20x102  with  openings 


Fig  2.  Measuring  system  chart 


2.3  Ballistic  testing 

Ballistic  tests  were  performed  according  to  the  method  TP  VD-239  57  111  using  fixed 
pressure  barrel  20x102  mm.  The  weapon  consisted  of  pressure  barrel,  receiver.  The  barrel  was 
equipped  by  piezo  transducer  Kistler  and  pressure  measurement  ZT/A  with  copper  cylinder.  The 
beginning  of  the  shot  was  established  by  the  signal  from  the  electrical  source  of  ignition,  the  end  of 
the  shot  (time  when  the  projectile  leaves  the  barrel)  was  established  by  the  signal  of  transducer 
MH  50  fitted  on  the  muzzle.  Copper  crushers  were  pre -pressed  according  to  the  tables  by  pressures 
10  to  30  Kp/cnr  lower  then  measured  peak  pressures.  The  setup  of  pressure  transducer  and  the 
cartridge  are  presented  on  the  Figure  3.  Signals  obtained  from  transducers  were  recorded  and 
evaluated  by  a  ballistic  analyser  (graphical  output  from  th  eballistic  analyser  is  presented  on  the 
Figure  4),  copper  crusher  was  measured  by  micrometer  and  consequently,  the  value  of  peak 
pressure  was  found  in  the  table. 
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Fig  3.  Setup  of  transducers  at  shooting 


20x102 
Round  3 


signal  from  ignition  source  V/ms 

-  pressure  transducer  6215  bar/ms 

muzzle  transducer  MH  50  bar/ms 

Fig  4.  Graphical  output  from  the  charge  analyser  NWM  86E  5 1 1-003 

3.  RESULTS  AND  DISCUSSION 

There  was  800  rounds  taken  into  evaluation  of  correlation  between  peak  pressures  obtained  by 
both  methods.  The  piezo  peak  pressures  ranged  from  3189  Bar  to  5788  Bar.  Correlation  between 
results  of  both  measurements  is  presented  graphically  at  Figure  5.  It  is  clear  that  there  is  the  linear 
correlation  between  both  variables,  thus  the  linear  regression  was  applied  to  the  data  and  peak 
pressures  obtained  from  piezo  curves  were  explained  by  results  evaluated  from  copper  crusher 
method.  Considering  the  fact,  that  the  zero  pressure  should  lead  to  zero  pressures  measured  by  both 
methods,  only  the  linear  model  without  intercept  was  taken  into  account  in  form: 

P  piezo  =  a  .  P  crusher, 
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where  P  crusher  and  P  piezo  are  the  results  of  peak  pressures  measured  by  both  methods  and 
parameter  a  is  the  slope  of  the  linear  dependency.  Estimate  of  the  parameter  a  was  established  by 
means  of  least  squares  method  using  the  S-PLUS  6.0  statistical  pocket.  Results  of  the  regression  are 
presented  in  the  Table  I.  Residual  standard  deviation  is  143  Bar  gives  us  estimation  of  average 
precision  of  model.  From  the  value  of  the  slope,  which  is  1.1660±  0.0015  gives  us  the  estimate  of 
the  ratio  of  P  piezo/P  crusher.  From  the  analysis  of  residuals  (computed  as  absolute  value  of  the 
difference  P  pizo  measured  -  P  piezo  calculated  from  regression  equation)  it  was  found  that 
residuals  follow  the  normal  distribution  and  50  %  of  residuals  is  less  than  94  Bar  and  maximal 
residuum  was  513  Bar. 

The  next  step  of  the  evaluation  was  aimed  to  the  question  weather  there  are  differences  between 
regression  parameters  calculated  for  results  obtained  at  different  shooting  temperatures.  Correlation 
at  different  temperatures  are  plotted  at  Figure  6  and  results  of  regressions  are  presented  in  Table  I. 
There  were  found  small,  but  statistically  significant  differences  between  parameters  estimated  for 
different  shooting  temperatures. 

From  given  results  it  is  clear  that  there  is  close  linear  correlation  between  results  of  peak 
pressures  measured  by  both  methods.  It  is  possible  to  make  estimation  of  pressure  measured  from 
the  other  type  with  relatively  high  precision,  but  still  there  are  some  cases  where  the  estimation 
leads  to  high  differences.  Such  cases  will  be  studied  in  near  future  by  more  extensive  data  analysis. 
As  the  other  explanatory  variables  could  be  used  parameters  computed  from  the  pressure  curve  (as 
are  slopes  of  pressure  built  up,  times  from  ignition  to  pear  pressure  and  so  on).  As  supportive 
information  about  the  relevance  of  pressure  measured  by  different  methods  could  be  considered 
measured  velocity  of  projectile. 


Fig  5.  Correlation  between  peak  pressures  obtained  by  piezo  and  crusher  method 

simultaneously;  the  line  was  calculated  by  linear  regression  without  intercept 
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Fig  6.  Correlations  between  peak  pressures  obtained  by  piezo  and  crusher  method 
simultaneously  -  tests  performed  at  various  testing  temperatures;  the  line  was 
calculated  by  linear  regression  without  intercept 

Table  1.  Results  of  linear  regressions 


N 

Slope 

Residual 

standard 

deviation 

Degrees  of 
freedom 

Correlation 
coefficient 
of  linear 
regression 

All 

800 

1.1660+  0.0015 

143 

799 

0.9993 

-60  °C 

18 

1.1620±0.0064 

87 

17 

0.9997 

-54  °C 

171 

1.1756+0.0030 

158 

170 

0.9994 

+21  °C 

509 

1.1593+0.0018 

139 

508 

0.9994 

+52  °C 

102 

1.1827+0.0042 

158 

101 

0.9993 
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Abstract: 

Inhibitors  are  applied  to  those  surfaces  of  the  propellant  grain  where  burning  is  to  be 
prevented.  We  investigated  inhibition  system  for  double  base  propellants  based  on 
unsaturated  polyesters  resins.  Measurements  of  the  amount  of  nitroglycerine  that 
migrates  into  the  chosen  inhibitors  were  done  using  a  “sandwich  ”  test.  Double  base 
propellant  grains  were  inhibited  by  a  casting  technique  and  statically  fired  in  rocket 
motor.  The  nature  of  P-t  profiles  suggested  that  it  is  potential  inhibition  system  for 
double  base  propellants. 

Keywords:  double  base  propellants,  inhibitor,  nitroglycerine  migration 


1.  INTRODUCTION 

Various  methods  of  coating  of  propellant  grain  surface  are  used  in  order  to  prevent 
surface  burning  or  contact  of  the  grain  with  its  container.  Inhibitors  are  applied  to  those 
surfaces  of  the  grain  where  burning  is  to  be  prevented.  They  consist  of  plastic  materials, 
which  are  sometimes  charged  with  inert  refractory  filler  and  burn  very  slowly  if  at  all.  Some 
of  the  vital  requirements  of  the  inhibitor  are  its  chemical  compatibility  with  the  propellant, 
acceptable  mechanical  properties,  low  shrinkage  and  good  bonding  with  the  propellant 
during  storage.  The  major  ingredients  of  double  base  propellants  are  nitrocellulose  and 
nitroglycerine.  In  the  case  of  these  propellants  the  main  problem  with  the  choice  of  inhibitor 
is  the  presence  of  nitroglycerine  and  its  subsequent  migration  towards  inhibitors.  This  may 
cause  the  polymeric  material  to  degrade  and  delaminate  with  time.  That  affects  the  service 
life  of  a  solid  propellant  rocket  motor. 

At  first,  cellulose  acetate  and  ethyl  cellulose  were  tried  as  inhibitors  for  double  base 
propellants.  Nevertheless,  cellulose  acetate  absorbed  high  amount  of  nitroglycerine  and  was 
stripped  off  from  the  propellant  surface.  Ethyl  cellulose  has  a  poor  softening  point.  This  led 
to  the  search  for  new  types  of  polymeric  materials  for  their  use  as  inhibitors.  A  number  of 
polymers  have  been  reported  as  inhibitors  for  double  base  propellants.  They  include  epoxy 
resins,  polyurethanes,  silicones,  polyester  resins  and  chloropolyesters.  It  is  reported  in  the 
literature  that  unsaturated  polyester  resins  may  be  used  as  inhibitors  for  double  base 
propellants.  These  resins  have  a  very  good  strength  with  double  base  propellants.  The 
inhibition  system  based  on  unsaturated  polyesters  resins  was  investigated.  We  used 
commercial  unsaturated  resins  and  their  copolymers  with  n-butyl  methacrylate. 
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2. 


EXPERIMENTAL 


2.1  Materials 

The  materials  used  for  its  study  were  as  follows. 

-  Polimal  1 602  APyS  unsaturated  polyester  resin  (orthoptalic)  with  reduced  styrene 
emission,  containing  fillers,  having  a  viscosity  at  25 °C  of  220-280  mPa-s  and  gel 
time  at  25°C  of  15-25  min,  was  supplied  by  chemical  plant  “Organika  Sarzyna” 
(Poland) 

-  Polimal  1053  AWTP  unsaturated  polyester  resin  with  reduced  styrene  emission, 
having  a  viscosity  at  25°C  of  250-350  mPa-s  and  gel  time  at  25°C  of  15-25  min, 
was  supplied  by  chemical  plant  “Organika  Sarzyna”  (Poland) 

-  N-butyl  methacrylate,  purity  about  99%,  having  a  density  at  20°C  of  0,895  g/cm  , 
boiling  point  163°C  and  solidification  point  -75°C  was  supplied  by  Elf  Atochem. 

-  Luperox  GZS  ,  containing  methyl  ethyl  ketone  peroxide, which  was  used  for 
curing,  was  supplied  by  Elf  Atochem. 

-  Double  base  propellants  containing  37%  of  nitroglycerine  without  any  other 
plasticizers  was  used  for  inhibition. 

2.2  Method  of  preparation  of  specimens 

The  commercial  polyesters  were  crosslinked  alone  and  as  blends  with  n-butyl 
methacrylate.  All  ingredients,  as  given  in  Table  1,  were  mixed  by  stirring  and  different  test 
specimens  were  cast  in  corresponding  molds.  The  composition  was  poured  under  a  vacuum 
to  remove  any  entrapped  air.  The  cured  specimens  were  used  for  nitroglycerine  absorption 
test. 


Table  1.  Compositions  of  unsaturated  resin  formulations 


Formulation 

Polimal  1602 
APyS 

Polimal  1053 
AWTP 

n-butyl 

methacrylate 

Luperox  GZS 

A 

98 

- 

- 

2 

B 

78 

- 

20 

2 

C 

- 

98 

- 

2 

D 

- 

73 

25 

2 

E 

- 

65 

33 

2 
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2.3  Nitroglycerine  absorption  test 

The  measurements  of  nitroglycerine  sorption  can  be  achieved  by  liquid  absorption 
methods.  That  method  consists  in  immersion  of  polymeric  material  in  liquid  nitroglycerine. 
Then  the  increase  of  the  material  mass  with  time  is  measured.  The  other  method,  called 
“sandwich”  method  consists  in  preparing  a  polymeric  material  block  between  two  propellant 
blocks  -  they  form  a  kind  of  “sandwich”.  The  prepared  set  is  then  stored  at  elevated 
temperature  and  the  mass  increase  of  polymeric  material  is  recorded.  The  described 
experiments  were  conducted  by  “sandwich”  method. 

The  “sandwich”  consisted  of  a  propellant  block  (40  mm  x  40  mm  x5  mm),  a  polymer 
block  (40  mm  x  40  mm  x3  mm)  and  a  propellant  block.  The  nitroglycerine  migration  values 
were  determined  by  measuring  the  mass  increase  of  the  polymer  with  time.  The  test  was 
done  at  70°C. 

2.4  Inhibition  of  double  base  propellants 

Inhibition  of  double  base  propellant  grains  was  carried  out  by  the  casting  method  in 
inhibition  mold.  We  used  small  grain  having  diameter  of  20  mm  and  their  length  was  90 
mm.  The  polymeric  composition  was  also  poured  under  a  vacuum  to  remove  any  entrapped 
air.  The  inhibited  grains  were  extracted  from  the  mold  after  24  hours.  Then  the  grains  were 
X-rayed  to  ensure  proper  bonding  between  propellant  and  the  inhibitor.  The  propellant 
grains  were  loaded  into  rocket  motors  and  fired  statically,  after  conditioning  at  low  (— 40°C) 
and  hot  temperatures  (+50°C)  following  the  standard  procedure,  recording  pressure-time 
profiles. 


3.  RESULTS 

3.1  Nitroglycerine  migration  towards  inhibitor 

The  results  of  nitroglycerine  absorption  tests  are  presented  in  Fig.  1  and  2.  The  points 
are  the  average  values  for  triplicate  analysis. 

Margolin’s  formula  was  used  for  determining  the  constant  a  and  constant  b. 

M(t)  =  — - f  c 

a  +  bt 

where: 

M(t)  (%)  of  nitroglycerine  absorbed  at  given  time,  t  time  in  seconds,  c  (%)  plasticizer 
originally  in  polymeric  material  (in  that  case  c  =  0) 

The  amount  of  nitroglycerine  absorbed  in  time  infinity  can  be  determined  from  the 
following  equation. 

1 

b 
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amount  of  nitroglycerine  [%]  amount  of  nitroglicerine  [%] 


Fig  1.  Nitroglycerine  migration  for  A  and  B  formulations 


Fig  2.  Nitroglycerine  migration  for  C,  D  and  E  formulations 


The  obtained  values  for  a,  b  and  M( oo)  are  presented  in  Table  2.  We  also  determined  the 
amount  of  nitroglycerine  absorbed  after  storing  the  specimens  at  room  temperature  during 
three  year  period  (Me) 

Table  2.  Values  for  sorption  curves  according  to  Margolins  formula 


Formulation 

Constant  b 

Constant  a 

M(oo) 

Me 

A 

0.37 

2.20 

2.71 

2,71 

B 

0.15 

4.31 

6.72 

5,29 

C 

0.46 

3.63 

2.18 

2,29 

D 

0.10 

5.22 

9.64 

8,04 

E 

0.11 

3.73 

9.13 

9,68 

The  results  of  nitroglycerine  migration  show  good  compatibility  between  the  values 
obtained  from  Margolin’s  formula  and  the  values  that  were  experimentally  determined.  The 
highest  nitroglycerine  migration  towards  inhibitor  was  observed  in  the  case  of  formulation  E, 
containing  the  highest  amount  of  n-butyl  methacrylate.  Low  migration  values  obtained  for 
formulation  A  and  B  results  from  the  fact  that  there  were  fillers  in  these  formulations.  The 
nitroglycerine  absorption  decreases  with  the  increase  of  filler  in  unsaturated  polyester 
systems. 

3.2  Inhibited  grain  test 

The  propellant  grains  inhibited  with  formulation  D  were  statically  fired  in  a  rocket 
motor.  The  P-t  profiles  are  shown  in  Fig  3  and  Fig  4.  The  static  evaluation  gave  a  proper 
pressure -time  curves  with  the  desired  performance  both  at  hot  and  cold  temperatures.  The 
pressure-time  profiles  were  satisfactory,  flat  and  neutral,  with  the  small  grains  having  a 
burning  time  12-14  s. 

4.  CONCLUSIONS 

Unsaturated  polyester  resin  systems  can  be  applied  as  inhibitors  for  double  base 
propellants.  The  casting  method  of  propellant  grain  inhibition  seems  to  the  best  choice  in  the 
case  of  small  grains. 

Margolin’s  formula  can  be  applied  to  tested  unsaturated  polyesters  and  calculated  values 
of  the  amount  of  the  nitroglycerine  absorbed  at  time  infinity  are  in  agreement  with  the  values 
experimentally  determined  after  three-year  storage. 

The  nature  of  P-t  profiles  suggested  that  it  is  potential  inhibition  system  for  double  base 
propellants.  However,  the  other  mechanical  and  physical  tests  should  be  considered  in  order 
to  provide  a  complete  picture. 
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Abstract: 

New  method  of  synthesis  of  di(lH-tetrazole-5-yl) amine  is  described  in  the  paper. 
Di(lH-tetrazole-5-yl)amine  was  synthetized  by  reaction  of  sodium  azide  with  sodium 
dicyanamide  in  water  under  presence  of  zinc  chloride  as  catalyst.  This  new  method 
eliminates  disadvantages  of  other  alternative  methods,  such  as  for  example:  work  with 
expensive  and  toxic  metals,  work  with  excess  of  volatile  and  toxic  azoimide  or  work  with 
organic  solvents.  This  synthesis  is  very  simple,  safe  and  provides  a  good  yield. 

Keywords:  high-nitrogen  compound,  BTA,  lH-tetrazole 


1.  INTRODUCTION 


Di(lH-tetrazole-5-yl)amine  is  high-nitrogen  compound,  which  can  be  used  as 
component  of  explosives  and  gas  generators. 

Synthesis  of  di(lH-tetrazole-5-yl)amine  consists  of  addition  of  azoimide  to  nitrile  group 
in  dicyanamide.  The  reaction  was  first  described  by  Norris  and  Henry  1  1  .  Sodium 
dicyanamide  is  reacts  with  sodium  azide  under  presence  of  tetramethyl-ammonium  chloride 
under  formation  of  trihydrate  sodium-hydrogen-5,5  '-ditetrazolylamide  and  after 
acidification  by  concentrated  hydrochloric  acid,  di(lH-tetrazole-5-yl)amine  monohydrate  is 
formed  with  yield  67%. 

+  r  -  “l-  H2° 

Na  NC-N-CN  +  NaN3  +  (CH3)3N .  HC1  - ► 

—  reflux 

23  hours 

HC1  (cone.) 

.  3  H20  - ** 

10% 


•  h2o 

67% 


N-N  N-N 

n  Yjd  /n 

XN  N  n' 

k  '  k 
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N-N 
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N 

V 
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N-N 
W 
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N"  VN' 

H  H 
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The  method  described  was  improved  by  Highsmith  f2'  from  the  viewpoint  of  reaction 
conditions:  pH  of  reaction  mixture,  molar  ratio  of  reaction  compounds,  reaction  temperature 
of  mixture,  purity  of  crystalline  compound,  safety  and  improved  yield.  The  following 
compounds  have  been  used  to  released  azoimide  from  ammonium  chloride,  dimethylamine 
hydrochloride,  acetic  acid,  dipotassium  hydrogen  phosphate  potassium  dihydrogen 
phosphate,  sodium  dihydrogen  carbonate  and  boric  acid. 

The  yield  (86.5  %)  of  di(lH-tetrazole-5-yl)amine  was  obtained  under  the  following 
reaction  conditions:  for  liberation  of  azoimide  from  sodium  azide  was  used  boric  acid,  molar 
ratio  of  boric  acid/sodium  azide/sodium  dicyanamide  was  1.650/0.830/0.416  at  reaction 
temperature  95°C. 


Na+ 


NC-N-CN 


+  NaN3 


+  H3BO3 


1  h20  ^ 

2.HC1 


N-N  N-N 


H  H  H 


Optimal  procedure  for  addition  sodium  azide  to  nitrile  under  formation  of  lH-tetrazole 
was  published  f3'  in  2001.  The  mixture  of  sodium  azide,  nitrile  and  zinc  salt  as  catalyst  was 
refluxed  with  water.  The  reaction  conditions  are  safe  and  widely  applicable  to  addition  of 
azoimide  to  aromatic  nitrile  and  alkanenitrile  with  activated  or  nonactivated  alkyl  group. 


R — C=N 


1.1  eqNaN3 
1 . 1  eq  ZnBr2  * 
H20,  reflux  24  h 


R  (yield  %):  Ph  (76%),  2-Py  (79%), 

4-HOPh  (96%),  C7H15  (82%), 
Et2N  (72%) 


Zinc  chloride,  bromide  and  perchlorate  were  used  as  catalysts.  The  role  of  zinc  ion  is  not 
exactly  known.  Zinc  ion  does  not  play  a  role  of  Lewis  acid  only.  Already  at  concentration  of 

zinc  ion  Zn“  0.03  mol  10  times  higher  acceleration  of  reaction  was  observed  and  when 

2+ 

concentration  Zn“  1 .0  mol  was  used,  300  times  higher  acceleration  was  observed. 

Proposed  mechanism  of  reaction  is  two  step  mechanism,  but  2  +  3  addition  mechanism 
can  also  be  used. 

We  decided  to  use  method  the  above  mentioned  for  addition  sodium  azide  to  sodium 
dicyanamide. 
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Synthesis  of  di(lH-tetrazole-5-yl)amine  was  carried  out  in  water  without  organic 
solvents.  The  mixture  of  sodium  dicyanamide,  sodium  azide  and  zinc  chloride  in  water  was 
intensively  stirred  and  refluxed  for  24  hour  at  80°C.  The  mixture  was  cooled  down  to  room 
temperature  and  the  reaction  mixture  was  treated  with  hydrochloric  acid  to  pH=l.  The 
mixture  was  stirred  as  long  as  a  precipitate  of  zinc  salt  of  di[5-(l//-tetrazole-5-ylamine)-l//- 
tetrazole-l-id]  hydrate  appeared.  This  intermediate  was  removed  by  filtration  with  yield 
above  80  %.  This  salt  has  low  solubility  in  water  and  is  very  stable. 

Elementary  analysis:  [C4H4N18]  2~Zn2+.H20  (387.6) 

calculated:  12.39  %  C,  1.56  %  H,  65.05  %  N; 

found:  12.21  %  C,  1.77  %  H,  63.32  %  N. 

13C  NMR  spectra:  154.8  ppm;  156.9  ppm  (C-5,  C-5') 

Melting  point:  223 °C  (decomposition) 
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Desired  di(lH-tetrazole-5-yl)amine  was  prepared  by  refluxing  suspension  of  zinc  salt  of 
di[5-(l//-tetrazole-5-ylamino)-l//-tetrazole-l  -id]  hydrate  in  diluted  hydrochloric  acid  for  8 
hours  at  100  -  1 10°C.  The  yield  was  67  %. 

Elementary  analysis:  C2H3N9.  EEO  (171.1) 

calculated:  14.04  %  C,  2.94  %  H,  73.  67  %  N; 

found:  13.63  %  C,  2.99  %  H,  73.  09  %  N. 

13C  NMR  spectra:  154.8  ppm;  156.9  ppm  (C-5,  C-5') 


3.  CONCLUSIONS 

The  new  method  of  synthesis  of  di(lH-tetrazole-5-yl)amine  was  discovered.  Di(lH- 
tetrazole-5-yl)amine  was  synthetized  by  reaction  of  sodium  azide  with  sodium  dicyanamide 
in  water  under  presence  of  zinc  chloride  as  catalyst. 

This  method  eliminates  disadvantages  of  other  alternative  methods,  such  as  for  example: 

•  work  with  expensive  and  toxic  metals 

•  work  with  excess  of  volatile  and  toxic  azoimide 

•  work  with  organic  solvents 

The  advantages  of  this  method  are: 

•  this  synthesis  is  very  simple 

•  easy  separation  of  intermediate  zinc  salt  and  final  product  by  filtration 

•  this  reaction  is  safe 

•  possibility  of  recovery  of  zinc  chloride 

•  relatively  high  yield 
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Abstract: 

Double  based  rocket  propellants  are  subjected  to  a  chemical  ageing,  as  well  as  ageing 
due  to  physical  and  physical-chemical  processes  (migration  of  low  molecular 
constituents:  plasticizers,  blasting  oil,  burning  catalysts,  degradation  of  molar  mass, 
etc.).  The  ageing  has  significant  influence  on  their  relevant  properties,  including 
mechanical  properties  such  as  tensile  strength,  storage  modulus,  loss  modulus,  tan 
delta,  and  temperature  of  glass  transition,  etc. 

During  use  these  changes  can  result  in  dangerous  failures,  such  as  rocket  motor 
explosion.  Therefore,  it  is  necessary  that  after  some  time,  temperature,  and  stress 
conditions,  relevant  properties  of  the  propellants  are  still  in  the  range  of  acceptable 
tolerance. 

In  this  work  we  have  studied  changes  of  dynamic  mechanic  properties  (loss  modulus, 
storage  modulus,  tan  delta,  etc.)  with  the  artificial  ageing  at  higher  temperature  (90° C). 
The  results  obtained  have  shown  that  dynamic  mechanical  parameters  change 
significantly  after  ~ 40  days  of  ageing.  It  was  found  put  that  the  most  sensitive 
parameters  on  the  ageing  process  are:  storage  modulus  at  the  room  temperature,  glass 
transition  temperature,  width  of  peak  on  loss  modulus  curve  in  the  glass  transition 
region,  and  tan  S  at  the  glass  transition  region. 

Keywords:  double  base  rocket  propellant,  dynamic  mechanical  properties, 

storage  modulus,  loss  modulus,  tangents  delta,  glass  transition,  ageing 


1.  INTRODUCTION 

The  research  of  ageing  process  is  one  of  the  basic  scientific  interests  in  the  field  of  living 
organisms,  construction  materials,  or  energetic  materials,  such  as  double-based  rocket 
propellants. 

The  term  "ageing"  is  connected  with  change,  or  degradation  of  relevant  materials 
properties.  A  number  of  parameters  can  influence  degradation  of  a  material  properties;  such 
as  temperature,  time,  moisture,  atmospheric  conditions,  stresses  produced  during  production 
and  use  of  materials,  etc. 

During  the  ageing  process  of  the  rocket  propellants,  chemical  and  mechanical  properties 
change.  Consequently,  the  service  lifetime  reduces.  It  is  not  easy  to  predict  the  service 
lifetime,  but  because  of  safety  and  economic  reasons  it  is  one  of  the  main  priorities  of 
military  science. 

It  is  known  [1,2,9-13]  that  nitrocellulose  and  other  nitric  acid  esters,  which  can  be 
ingredients  of  rocket  propellants,  are  subjected  to  a  slow  chemical  decomposition  even  at  the 
room  temperatures.  The  first  step  of  thermal  decomposition  of  nitrocellulose  and  blasting  oil 
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is  NO2  radical  splitting  from  O-NO2  group.  The  released  NO2  can  further  react  with  other 
decomposition  products  or  with  propellant  ingredients.  During  this  process  NO2  is  reduced 
to  NO,  N20,  N,  HNO2  and  HNO3.  The  presence  of  HNO2  and  HNO3  accelerates  reactions  of 
the  hydrolytic  decomposition. 

The  summary  reaction  of  the  thermal  decomposition  is  autocatalytic,  and  accompanied 
by  the  heat  generation.  The  heat  released,  due  to  very  low  propellant  conductivity,  can 
accumulate  in  the  propellant  grain,  and  under  certain  conditions  can  lead  to  the  propellant 
self-ignition  [1, 141 

Apart  from  ageing,  due  to  chemical  reactions,  there  is  also  ageing  due  to  physical  and 
physical-chemical  processes,  such  as  diffusion,  or  migration  of  low  molecular  constituents 
like:  nitroglycerine,  phlegmatizers,  plasticizers,  etc.  ,2'4'  Ageing  of  the  propellants  due  to 
chemical  reactions,  as  well  as  due  to  physical  processes,  change  mechanical  properties,  such 
as  tensile  strength,  modulus  of  elasticity,  morphology,  and  temperature  of  glass  transition. 
During  use,  these  changes  can  result  in  dangerous  failures,  such  as  explosion  of  rocket 
motors. 

Rocket  propellants  are  also  subjected  to  ageing  due  to  residue  stress  at  rocket  grain 
that  can  initiate  crack  formation  and  crack  propagation  in  the  propellant.  That  residual  stress 
originates  in  manufacturing  process,  process  of  treatment  of  material  and  as  a  consequence 
of  storage  conditions.  Residual  stress  that  originates  during  manufacturing  can  be  initiated 
by  111 :  rapid  cooling  of  rocket  block  manufactured  by  casting  processes;  stress  induced  due  to 
different  cooling  rate  between  the  surface  and  the  inside  of  the  rocket  block;  different 
temperature  causes  different  values  of  coefficient  of  thermal  expansion  at  the  surface  and 
inside  of  the  rocket  block,  which  causes  stress  at  the  boundary  between  the  rocket  grain  and 
extruder  tube,  etc. 

Because  of  safety  reasons,  it  is  necessary  that  after  some  time,  temperature,  and  stress 
condition,  the  relevant  properties  of  the  propellants  be  still  in  range  of  tolerance.  Therefore, 
it  is  very  important  to  be  able  to  measure  and  to  quantify  relevant  properties  changes  as 
function  of  time  and  temperature. 

The  dynamic  mechanical  analysis  (DMA)  is  a  very  powerful  technique  for  studying 
viscoelastic  properties  (loss  modulus,  storage  modulus,  tangents  delta,  temperature  of  glass 
transition,  etc.),  detection  of  molecular  motions,  and  evaluation  of  morphology  of  a  material 
(crystalinity,  molecular  mass,  crosslinging,  etc.) ,4"6' 16]. 

DMA  is  measuring  technique  in  which  the  storage  and  loss  modulus  of  the  sample, 
subjected  to  an  oscillating  load,  are  separately  monitored  against  the  time,  temperature,  or 
frequency  of  oscillation,  while  the  temperature  of  the  sample  in  a  specified  atmosphere  is 
programmed.  For  viscoelastic  materials  the  strain  is  composed  of  elastic  (stress  and  strain  are 
in  faze)  and  viscous  (stress  late  by  strain  for  90°C)  component,  in  accordance  with  equation: 

a  =  (a0  cos5)sincctf  +  (a0  sin5)coscctf  (1) 

or, 

a  =  e0(fTsincch  +  iTcoscch)  (2) 

were  storage  modulus  (E')  is  real  component,  and  loss  modulus  (E")  imaginary 
components  of  modulus: 

E  '=  {^-)  cos  § ,  E"=  (^)  sin  §  (3) 

So  s0 
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Damping,  or  tangents  delta  (tan  5)  is  defined  as  a  ratio  between  loss  and  storage 
modulus: 

E" 

tan  5  =  —  (4) 

E' 

Since  the  dynamic  mechanical  properties  (such  as  storage  modulus,  loss  modulus,  and 
damping  as  functions  of  time  or  temperature)  are  very  sensitive  to  structural  changes,  this 
technique  is  also  frequently  used  to  study  dynamic  mechanical  behaviour  of  rocket 
propellants.  In  this  work  we  have  studied  how  the  dynamic  mechanical  properties  of  a 
double  base  rocket  propellant  change  during  the  accelerated  ageing  at  90  °C,  in  order  to 
identify  the  most  sensitive  parameter  to  the  ageing  process. 

2.  EXPERIMENTAL 

The  experiments  were  carried  out  using  double  base  rocket  propellant  of  the  following 
chemical  composition:  56%  of  nitrocellulose,  31%  of  nitroglycerine,  6.5%  of  dinitrotoluene, 
2.5%  of  centralite  I,  and  4  %  of  other  additives. 

The  testing  samples  for  DMA  measurements,  having  rectangular  bar  shape  (50  x  10  x 
2.5  mm),  were  cut  from  propellant  grain.  Such  samples  were  subjected  to  the  artificial  aging 
at  90  °C  in  closed  glass  probes.  The  samples  for  DMA  measurements  were  taken 
periodically.  Total  ageing  time  was  67  days. 

Dynamic  mechanical  measurements  were  carried  out  using  TA  Instruments  DMA, 
Model  983.  The  measuring  conditions  were: 

-  heating  rate:  2  °C/min. 

-  frequency  of  an  oscillatory  load:  1  Hz 

-  amplitude  of  deformation  ±0.2  mm 

-  length  to  thickness  ratio  (L/T):~  10 

-  temperature  range:  -120°C  to +80°C 

3.  RESULTS  AND  DISCUSSION 

3.1  Dynamic  mechanical  properties 

The  result  of  DMA  analyses  for  non-aged  rocket  propellant,  or  DMA  thermogram, 
obtained  at  2°C/min  heating  rate,  0.2  mm  oscillation  amplitude,  and  1  Hz  frequency,  are 
shown  in  Fig.  1.  It  follows  from  Fig.  1  that  the  storage  modulus  is  almost  constant  and 
reaches  maximum  (E'= 8  GPa)  in  the  region  below  glass  transition  (-120  to  -100°C).  The 
transition  from  glassy  to  viscoelastic  state  (onset  point  on  E’-T  curve  at  about  -64°C),  has  as 
as  a  consequence  a  drop  of  the  storage  modulus  four  about  6  times  (from  8  GPa  at  -120°C  to 
1,3  GPa  at  25°C).  Another  distinct  change  in  the  storage  modulus  slope  at  about  42  °C 
corresponds  to  the  propellant  sample  softening. 

The  loss  modulus  has  a  maximum  value  in  the  glass  transition  region.  The  maximum  on 
E”-T  curve,  at  -26.95°C,  is  usually  taken  as  the  glass  transition  temperature.  At  the  sample 
softening  region  (~  49.83  °C)  the  loss  modulus  value  decreases  rapidly. 

The  tan  §  has  local  maximum  at  the  glass  transition  region.  The  value  of  tan  5  increases 
in  the  softening  region,  as  a  consequence  of  increased  movement  of  the  macromolecules. 
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Fig  1.  DMA  thermogram  of  studied  non-aged  rocket  propellant 

In  order  to  see  how  dynamic  mechanical  properties  of  the  propellant  studied  change  with 
the  ageing  time  at  90  °C,  the  samples  were  taken  periodically  for  DMA  measurements.  The 
results  obtained  are  analysed  bellow. 

Change  of  storage  modulus  with  aging 

Summarised  results  on  the  storage  modulus  behaviour  during  the  ageing  time  at  90  °C 
are  given  in  Fig.  2.  The  figure  shows  E’-T  curves  of  non-aged  propellant,  and  propellant 
aged  different  times  at  90°C. 


Fig  2.  Storage  modulus  of  non-aged  propellant  and  the  propellants  aged  different 
period  of  time  at  90°C  as  a  function  of  temperature 
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It  can  be  seen  from  Fig.  2  that  E'-T  curves  shift  with  the  ageing  time  to  higher 
temperatures,  as  well  as  to  higher  values  of  modulus.  In  order  to  quantify  these  changes  in 
the  storage  modulus,  several  characteristic  parameters  on  E'-T  curves  are  analysed:  storage 
modulus  at  25  °C,  storage  modulus  at  -120  °C,  glass  transition  temperature  determined  from 
E’-T  curve  and  softening  temperature  determined  from  E’-T  curve.  The  changes  of  some  of 
these  parameters  are  shown  in  Figs.  3  and  4. 


Fig  3.  Change  of  storage  modulus  at  25  °C  with  aging  time  at  90°C 


Fig  4.  Change  of  glass  transition  temperature  determined  as  onset  temperature 
on  E’-T  curve,  with  aging  time  at  90°C 

An  increase  of  the  storage  modulus,  especially  in  range  of  the  room  temperatures  is 
connected  with  decreased  flexibility  of  nitrocellulose  macromolecules,  what  can  be  result  of 
an  increased  amount  of  crystal  phase,  as  well  as  a  decreased  amount  of  plasticizer.  The 
plasticizer  migration  from  the  propellant  grain  interior  to  the  surface,  causes  a  decrease  of 
distances  between  macromolecules,  and  an  increase  of  intermolecular  forces.  These 
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processes  have  significant  effect  on  flexibility  of  the  nitrocellulose  macromolecule  kinetic 
units. 

In  order  to  quantify  the  changes  observed,  i.e.  to  find  out  which  of  parameters  is  the 
most  sensitive  to  the  ageing  process,  a  detailed  analyses  of  several  relevant  parameters  on 
E’-T  curves  with  the  ageing  time  was  performed.  The  results  are  presented  graphically  in 
Fig.  5. 

The  degree  of  change  of  a  parameter,  shown  in  Fig.  5,  was  calculated  using  the 
following  equation: 

y»=— tt^100  <3> 

where:  yp  -  degree  of  change  of  same  parameter,  Po  -  parameter  value  at  the  beginning 
of  the  aging,  and  Pt  -  parameter  value  after  some  time  of  aging 

Fig.  5  shows  that  the  majority  of  analysed  parameters  on  E'  -  T  curve  do  not  change 
significantly  with  the  aging  (the  changes  are  within  10%).  The  exception  is  the  storage 
modulus  at  25°C,  which  increases  significantly  and  almost  linearly  with  the  ageing  time.  It 
should  be  noted  that  the  glass  transition  temperature  determined  as  onset  temperature  on  E’- 
T  curve  changes  significantly  after  ~55  days  of  ageing. 


Fig  5.  Degree  of  change  (in  percents)  of  some  parameters  on  E'  -  T  curve 
with  ageing  time  at  90  °C 
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Change  of  loss  modulus  with  aging 

Summarised  results  on  the  loss  modulus  behaviour,  i.e.  summarised  E”-T  curves  of  non¬ 
aged  and  aged  propellant  samples,  are  given  in  Fig.  6. 


Fig  6.  Loss  modulus  of  non-aged  propellant  and  propellants  aged  different  period 
of  time  at  90°C,  as  a  function  of  temperature 

It  is  evident  from  Fig.  6  that  the  aging  causes  significant  quantitative  and  qualitative 
changes  on  E"-T  curves  of  the  propellant  studied:  value  of  the  loss  modulus  maximum 
decreases  with  the  ageing,  peak  width  increases,  and  complete  E"-T  curve  shifts  to  higher 
temperatures. 

Significant  qualitative  changes  on  E"-T  curve  begin  after  ~28  days  of  aging  at  90°C. 
After  that  time  of  the  aging,  a  gradual  splitting  of  the  peak  in  the  glass  transition  region  was 
observed.  The  splitting  of  the  main  peak  into  two  separate  peaks  may  be  consequence  of 
very  intensive  splitting  of  nitrocellulose  polymer  chains.  After  56  days  of  aging,  the  peak 
splits  completely.  The  splitting  of  the  peak  indicates  an  increase  in  the  heterogeneity  of 
system. 

It  is  also  visible  from  Fig.  6  that  the  glass  transition  temperature  (i.e.  the  peak  maximum 
temperature  on  E”-T  curve)  shifts  to  higher  temperatures.  The  second  peak  on  the  E”-T 
curve,  at  the  softening  temperature  region,  becomes  much  sharper  with  the  ageing  time. 

The  changes  of  some  characteristic  parameters  on  E”-T  curve,  such  as  glass  transition 
temperature,  loss  modulus  at  the  glass  transition  temperature,  peak  width,  temperature  of 
second  peak  at  the  softening  temperature  region,  etc.,  with  the  ageing  time  are  given  in  Figs. 
7-11. 
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Fig  7.  Change  of  glass  transition  temperature  with  the  ageing  time  at  90  °C 

It  is  obvious  from  Fig.  7  that  the  aging  of  propellants  has  significant  effect  on  the  glass 
transition  temperature,  i.e.  on  peak  maximum  temperature  on  E"-T  curve.  The  glass 
transition  temperature  shifts  with  the  ageing  time  to  higher  temperatures.  Such  shift  indicates 
a  decrease  in  nitrocellulose  macromolecules  flexibility.  The  most  important  reason  for  this 
probably  is  migration  of  low  molecular  ingredients,  such  as  blasting  oil  and  plasticizers, 
from  the  propellant  grain  interior. 


Fig  8.  Change  of  loss  modulus  at  the  glass  transition  temperature 
(i.e.  peak  height)  with  the  ageing  time  at  90  °C 
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Fig  9.  Change  of  peak  width  with  the  ageing  time  at  90  °C 


Fig  10.  Change  of  peak  temperature  in  softening  region  with  ageing  time  at  90  °C 


It  is  visible  from  Fig.  8  that  the  peak  height,  i.e.  value  of  loss  modulus  at  the  peak 
maximum  decreases  with  the  ageing  time,  while  at  the  same  time  peak  width  increases 
(Fig.  9).  Figs.  10  and  9  show  that  peak  maximum  in  the  softening  temperature  region  and 
peak  width  begin  to  change  more  rapidly  after  28  days  of  aging.  Total  temperature  change 
after  67  days  of  aging  equals  in  both  cases  more  than  30°C.  The  shift  of  the  softening 
temperature  to  higher  temperatures  is  another  indication  of  decreased  flexibility  of 
nitrocellulose  kinetic  units  with  the  ageing  time. 
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Ageing  time,  day 

Fig  11.  Degree  of  change  (in  percents)  of  some  parameters  on  E”  -  T  curve 
with  ageing  time  at  90  °C 

Fig.  1 1  shows  that  very  intensive  changes  of  analysed  parameters  on  curve  E"  —  T  begin 
after  40  days  of  aging  at  90°C.  Fig.  1 1  shows  that  the  most  sensitive  parameter  on  the  ageing 
is  glass  transition  temperature  -  it  changes  from  ~25  °C  for  non-aged  sample,  to  ~  0  °C  for 
sample  aged  67  days.  The  peak  height  and  peak  width  also  change  significantly  -  peak 
height  decreases,  while  peak  width  increases  with  the  ageing  time. 

Change  of  tan5  with  aging 

The  tan  §  curves  as  a  function  of  temperature  for  non-aged  propellant  and  propellants 
aged  different  period  of  time  at  90°C  are  shown  summary  in  Fig.  12. 


Fig  12.  Tan  §  of  non-aged  propellant  and  propellants  aged  different  period  of  time 
at  90°C,  as  a  function  of  temperature 
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Fig.  12  shows  that  the  shape  of  tan  5  curves  changes  considerably  with  the  ageing  time 
at  90  °C.  For  example,  at  temperatures  below  glass  transition  region  the  value  of  tan  5 
remains  almost  unchanged,  while  in  the  glass  transition  region,  viscoelastic  region,  and  in 
the  softening  temperature  region  value  of  tan  §  decreases  significantly.  This  means  that  a 
viscous  component  in  the  propellant  structure  decreases  with  the  ageing  time. 

More  detailed  analysis  of  changes  of  characteristic  parameters  on  tan  <5-T  curve, 
maximum  of  tan  §  at  the  glass  transition  region,  temperature  of  tan  §  maximum  in  the  glass 
transition  region,  maximum  of  tan  5  at  the  softening  temperature  region,  and  temperature  of 
tan  5  maximum  in  the  softening  temperature  region,  with  the  ageing  time  are  given  in  Figs. 
13-16. 


Fig  13.  Change  of  temperature  at  tan5  maximum  in  glass  transition  region 
with  ageing  time  at  90  °C 


Fig  14.  Change  of  tan§  maximum  value  in  glass  transition  region 
with  ageing  time  at  90  °C 
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Fig.  13  shows  that  the  temperature  of  tan  5  maximum  in  the  glass  transition  region  has 
small  drop  in  the  earl  stage  of  the  ageing,  and  than  increases  exponentially  with  the  ageing 
time.  At  the  same  time  value  of  tan§  at  the  peak  maximum  in  glass  transition  region 
decreases  linearly  with  the  again  time  (Fig.  14),  indicating  decrease  of  viscous  component  in 
the  propellant  samples. 
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Fig  15.  Change  of  temperature  of  tan  5  maximum  in  softening  region 
with  ageing  time  at  90  °C 
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Fig  16.  Change  of  maximum  value  of  tanS  in  softening  temperature  region 
with  ageing  time  at  90  °C 


Figs.  15  and  16  show  that  the  temperature  of  sample  softening  increases  linearly  with  the 
ageing  time  at  90  °C,  while  value  of  tan  §  at  that  temperature  decreases  significantly  within 
the  first  20  days  of  ageing  and  after  that  time  remains  almost  the  same  up  to  60  days 
of  ageing.  Such  results  can  be  also  connected  with  decreased  amount  of  viscous  component 
in  the  propellant  with  the  ageing. 
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Fig  17.  Degree  of  change  (in  percents)  of  some  parameters  on  tan  5-T  curve 
with  ageing  time  at  90  °C 

Fig.  17  shows  that  the  temperatures  of  tan  §  maximum  in  the  glass  transition  and 
softening  regions  change  more  intensive  than  value  of  tan  5  at  these  maximum.  The  most 
sensitive  parameter  on  tan  5-T  curve  to  the  ageing  process  is  temperatures  of  tan  § 
maximum  -  it  begins  to  change  dramatically  after  40  days  of  ageing  at  90  °C.  Other  analysed 
parameters  change  less  significantly  and  almost  linearly  with  the  ageing  time. 


4.  CONCLUSIONS 

The  results  presented  in  this  paper,  which  are  preliminary  results  of  broader  study  on 
dynamic  mechanical  behaviour  of  homogeneous  rocket  propellants  during  artificial  ageing  at 
elevated  temperatures,  show  that  the  dynamic  mechanical  properties  of  studied  double  base 
rocket  propellant  change  with  ageing  time.  Also,  the  results  confirm  that  dynamic 
mechanical  analyser  (DMA)  can  be  used  to  follow  and  to  quantify  these  changes  . 

Generally,  all  DMA  curves  (storage  modulus,  loss  modulus,  and  tan  a  as  functions  of 
temperature)  shift  to  higher  temperatures  with  the  ageing  time.  The  most  significant 
qualitative  change  in  DMA  thermogram  is  splitting  of  peak  on  E”-T  curve  in  the  glass 
transition  region  into  two  separate  peaks  after  approximately  50  days  of  ageing. 

The  shapes  and  values  of  some  parameters  on  DMA  curves  indicates  that  the  ageing 
causes  decreases  flexibility  (mobility)  of  nitrocellulose  kinetic  units,  which  can  be 
consequence  of  a  decrease  in  amount  of  viscous  component  in  the  propellant  samples 
(nitroglycerine,  plasticizer,  etc.).  The  peak  splitting  on  E”-T  curve  in  the  glass  transition 
region  into  two  separate  peaks  indicates  an  intensive  degradation  of  nitrocellulose  polymer 
chain,  which  have  resulted  in  an  increase  in  system  heterogeneity. 

It  was  found  out  that  the  most  sensitive  parameters  on  the  ageing  process  are:  storage 
modulus  at  the  room  temperature,  glass  transition  temperature,  and  tan  a  at  the  maximum  in 
the  glass  transition  region. 
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APPLICATION  OF  SHEET  EXPLOSIVE  FOR  METAL  HARDENING 


P.  Nesvadba 
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Abstract: 

This  article  contains  a  brief  information  on  application  of  sheet  charges  for  explosive 
hardening  of  metals.  The  paper  defines  basic  requirements  for  the  properties  of  the 
explosives  used  for  explosive  metal  hardening,  resulting  from  practical  applications. 
Atthe  same  time  the  findings  are  given  here  obtained  at  application  of  the  explosive 
at  hardening  of  Hadfield  steel. 

Keywords:  explosive  hardening,  sheet  explosive,  Hadfield  steel,  crossing 


1.  INTRODUCTION 

At  some  machinery  products  explosive  hardening  by  means  of  shock  wave  induced  by 
a  thin  layer  of  high  explosive  has  been  used  for  several  years.  It  is  one  of  a  few  methods 
utilizing  construction  effects  of  an  explosive  and  obtaining  of  materials  with  better 
properties,  primarily  with  higher  strength  and  hardness.  This  method  is  most  widespread  at 
hardening  of  Hadfield  steel  casts.  This  is  the  case  of  manganese  austenitic  steel  capable  of 
strong/deep  hardening  that  is  used  for  the  parts  exposed  to  strong  shocks  and  wear.  One  of 
priorities  of  explosive  hardening  is  the  possibility  to  harden  as  to  shape  more  complicated 
parts.  By  that  this  method  competes  to  classical  mechanical  cold  hardening,  at  which  volume 
changes  and  wear  occur  still  during  the  hardening. 

2.  HARDENING  MECHANISM 

By  detonation  of  high  explosive  in  intimate  contact  with  metal,  the  shock  wave  is 
induced  of  high  pressure  (about  20  GPa)  and  extremely  short  duration.  Passing  through 
shock  wave  and  reflected  waves  generate  higher  or  smaller  number  of  defects  in  the  metal 
crystal  lattice  (vacancies,  dislocations,  twinning).  In  this  way  the  strength  and  hardness  of 
the  metal  processed  by  the  passing  through  shock  wave  is  increased  without  macro¬ 
deformations.  The  increase  in  hardness  is  also  adjudged  to  additional  phase -transition  of 
surfeited  austenite  to  e-martensite  111 .  Despite  considerable  hardening  and  increase  in 
hardness,  the  material  is,  in  addition,  capable  of  retaining  relatively  high  tenacity,  even 
higher  than  that  of  conventially,  cold  processed  steel  at  the  same  level  of  hardening.  At 
manganese  (Hadfield)  steel  the  increase  in  hardness  can  be  measured  to  the  depth  of  30  mm 
in  average.  On  the  metal  surface  the  hardness  of  350  HB  and  more  can  be  commonly 
achieved  when  compared  with  the  original  hardness  that,  after  homogenization,  achieves  the 
values  about  180  to  200  HB  f2'.  The  hardness  continuously  decreases  in  the  direction  to  the 
depth  up  to  the  original  level  of  material  hardness.  Maximum  values  of  hardness  vary  about 
500  HB  [3). 
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The  mechanism  of  hardening  of  austenitic  manganese  steel  has  been  studied  by  many 
authors.  The  whole  of  the  phenomena  has  not  been  quite  unambiguously  described  yet.  In 
the  Czech  Republic  the  method  has  been  implemented  since  the  1960s,  but  only  a  few 
authors  have  dealt  with  these  problems  in  detail f4'. 

3.  EXPLOSIVES  FOR  EXPLOSIVE  HARDENING  OF  METALS 

3.1  Properties  of  Explosive  for  Explosive  Hardening  of  Metals 

At  present  time  primarily  sheet  charges  of  high  explosive  are  used  for  explosive 
hardening  of  metals.  Detonation  velocity  of  these  explosives  vary  about  6,000  to  7,000  m.s’1 
and  the  thicknesses  of  explosive  sheets  about  2  to  3  mm.  Thickness  of  explosive  layer 
influences  the  depth  of  hardening,  the  resulting  hardness,  however,  does  not  vary  with 
explosive  layer  thickness  too  much  because  the  shock  wave  pressure  amplitude  is  almost 
independent  of  the  explosive  layer  thickness. f5'  It  is  not  desirable  to  use  greater  thicknesses 
of  the  charges  because  of  the  stress  exerted  on  the  Hadfield  steel  cast  processed.  Therefore 
thin  sheet  charges  are  applied  repeatedly  onto  one  place  two  to  three  times.  Another  reason 
of  multiple  hardening  is,  that,  on  detonation,  the  explosive  applied  onto  the  metal  surface 
induces  gradually  alongside  the  surface  slant  shock  wave  that  is  less  effective  than 
perpendicular  acting  detonation  pressure  wave. 

The  casts  processed,  onto  which  the  explosive  is  applied,  have  unprocessed  surface  after 
casting  or  worked  by  cutting  or  grinding.  Usually  the  surface  of  the  product  designed  to  be 
explosive  hardened  is  uneven,  rough,  with  sharp  edges  and  cutting  marks  which  does  not 
facilitate  the  explosive  to  adhere.  At  the  same  time  it  is  necessary  for  the  explosive  to  be  in 
close  contact  with  the  metal  surface  without  any  air  cavities  and  to  adhere  to  the  metal 
surface  in  all  bends  and  edges.  These  are  the  needs  why  shapeability  and  adhesivity  of  sheet 
explosive  is  required.  Moreover,  these  properties  should  be  stable  within  certain  temperature 
range  varying  from  -20°  C  to  +40°  C.  The  casts  are  commonly  processed  at  ambient 
temperature  and  especially  in  more  cold  season  the  shapeability  and  adhesivity  of  the 
explosive  deteriorates.  Certain  solution  is  processing  of  the  casts  in  explosion  chamber, 
where  adequate  temperature  range  can  be  guaranteed.  Constant  thickness  of  explosive  layer 
applied  onto  metal  surface  is  taken  granted. 

From  the  viewpoint  of  technician  using  sheet  explosive,  the  requirements  for  the 
properties  of  the  explosive  can  be  summarized  into  several  points: 

stable  detonation  parameters  in  thin  even  layer 

good  shapeability  and  adhesivity  and  at  the  same  time  suitable  mechanical 
strength  of  the  explosive 

possibility  to  manufacture  a  sheet  charge  often  of  great  area  dimensions  with 
regard  to  the  thickness  of  the  explosive 

good  and  safe  handling 


Composition  of  the  explosive  is,  in  result,  a  compromise  between  the  requirements 
taking  into  consideration  application  and  requirements  concerning  explosive  production 
technology  and  the  viewpoint  of  price  of  the  explosive  cannot  be  omited  either.  The  price  of 
the  explosive  and  costs  spent  on  explosive  hardening  are  reflected  in  the  price  of  the  product 
and  shall  be  equal  to  the  obtained  service  life  of  the  product. 
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3.2  Application  of  Sheet  Charges 

Sheet  charge  is  prepared  of  sheet  explosive  by  forming  a  suitable  shape.  The  shape 
results  from  hardened  area  geometry.  Semi-product  for  manufacture  of  the  charge  are  sheet 
explosives  rolled  or  screw  extruded  into  various  formats.  The  charge  is  of  course  applied 
onto  the  places  that  will  be  exposed  to  wear  at  most  in  future,  and  that  are  clean  and  after 
finishing.  At  the  same  time  it  is  supposed  that  e.g.  Hadfield  steel  cast  is  suitably  heat  treated, 
does  not  show  any  cast  defects,  especially  surface  and  subsurface  flaws.  In  reverse  case 
these  flaws  become  evident  after  firing  the  charge,  often  they  are  distinguishable  on  the 
metal  surface  with  a  naked  eye  and  prevent  the  product  from  further  processing  or  use.  To 
certain  extent  explosive  hardening  can  be  considered  as  certain  check  of  cast  quality.  In 
addition,  after  the  first  firing  of  the  charge  equalization  occurs  of  hardness  of  metal  surface. 
Differences  in  hardness  before  explosive  hardening  are  often  given  by  the  manner  of 
working  of  the  cast  surface,  e.g.  by  the  method  of  cutting.  Still  after  firing  one  charge 
relatively  good  depth  of  hardening  is  achieved.  To  increase  the  hardness,  the  second  possibly 
third  charge  is  consequently  applied  in  the  same  manner.  Extent  and  the  way  of  hardening 
depend  on  particular  product  of  manganese  steel. 

At  as  to  shape  more  complicated  elements  it  is  not  possible  to  avoid  joining  of  several 
parts  forming  the  charge.  These  joints  are  crucial  points,  because  reliable  detonation  transfer 
has  to  be  ensured,  but  no  sheet  explosive  overlaps  are  allowed.  By  that  the  thickness  of 
explosive  layer  would  increase  and  the  effect  of  explosive  would  change  in  comparison  with 
the  places  covered  with  one  even  layer  of  explosive  only.  Joints  of  explosive  sheets  also 
appear  in  the  places  where  the  explosive  completely  covers  the  edges  and  ends  of  the 
element  to  limit  the  effects  of  reflected  voltage  surges. f3' 

In  the  Research  Institute  of  Industrial  Chemistry  in  Pardubice  standard  hardening  is 
carried  out  of  cast  railway  crossing  frogs  of  Hadfield  steel  using  the  explosive  of  domestic 
production  -  Semtex  ®  10  SE.  Figure  1  shows  an  overview  of  railway  frog  and  Figure  2 
shows  application  of  sheet  explosive  at  hardening  of  frog  point.  It  is  the  most  often  used 
application  of  explosive  hardening  of  metals.  Occasionally  the  cast  parts  of  grinding 
equipment  from  similar  material  are  explosive  hardened. 


Fig  1.  Overview  of  frog  cast  designed  for  explosive  hardening 
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Fig  2.  Application  of  sheet  explosive  at  toe  hardening 


4.  CONCLUSION 

The  method  of  explosive  hardening  by  means  of  sheet  explosive  is  spread  in  several 
countries  only,  with  the  parameters  of  explosives  and  technological  procedures  themselves 
being  moreless  similar.  Good  results  are  achieved  especially  at  the  most  spread  application 
i.e.  at  explosive  hardening  of  cast  railway  crossing  frogs.  This  brings  economic  profit  from 
the  viewpoint  of  increase  in  wear  resistance,  i.e.  service  life  of  the  product.  Considering  the 
fact,  that  each  product  is  designed  for  particular  purposes  and  Hadfield  casts  are  not  always 
designed  for  explosive  hardening,  no  mass  spread  of  the  application  can  be  expected 
especially  at  the  thin  wall  casts,  tiny,  as  to  shape  more  complicated  elements,  or  elements 
where  cutting  is  used  as  the  final  treatment. 

The  presented  hardening  method  requires  a  very  sophisticated  approach  at  handling  with 
plastic  sheet  explosives  so  that  desired  properties  of  the  product  are  achieved.  In  the 
workplaces  of  the  Research  Institute  of  Industrial  Chemistry  sheet  explosives  can  be 
manufactured  in  such  a  way  that  their  parameters  are  adapted  to  a  particular  application  and 
the  sheet  explosive  can  be  manufactured  usually  by  rolling  in  thicknesses  from  0.8  to  10  mm 
in  maximum  width  of  430  mm  and  length  of  2,000  mm  according  to  thickness  of  the 
explosive,  possibly,  to  achieve  longer  sheets  of  explosive  it  is  possible  for  the  explosive  to 
be  screw  extruded.  At  this  way  manufactured  explosive  the  thickness/width  ratio  of  the  sheet 
explosive  is,  however,  smaller  than  at  rolled  sheets.  Composition  of  the  explosive  is  adapted 
to  the  requirements  considering  both  explosive  properties  and  physical  properties  (strength, 
shapeability,  adhesivenes  etc.).  To  achieve  optimum  results  at  explosive  hardening  of  metals 
is,  however,  necessary  that  construction  and  production  technology  of  the  element  is  suitably 
prepared  for  processing  by  the  method  of  explosive  hardening. 
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Abstract: 

Plastic  bonded  explosives  (PBX)  are  known  as  explosives  which  possess  high  energy, 
thermal  stability,  low  insensitivity  and  good  mechanical  properties.  We  investigated 
plastic  explosive  based  on  hexogen.  As  an  additive  we  used  NTO.  We  researched 
influence  of  NTO  additives  on  detonation  parameters  of plastic  explosives.  This  additive 
generated  the  decrease  of  sensitivity  without  significant  worsening  detonation 
parameters. 

Keywords:  insensitive  high  explosive,  plastic  explosive 


1.  INTRODUCTION 

There  are  a  lot  of  requirements  for  explosives,  which  are  being  used  to  military  and 
civilian  applications.  Beside  high  performance,  simple  preparation  and  stability  for  a  long 
time,  very  important  is  the  low  sensitivity  to  mechanical  stresses.  Among  insensitive 
explosives  the  most  significant  are  c  (NTO),  nitroguanidine  (NQ)  1, 3, 5-triamine-2, 4,6- 
trinitrobenzene  (TATB),  dinitroglycouril  (DINGU) f1'. 

We  investigated  low  sensitivity  plastic  explosives.  A  major  plastic  explosive  (PE) 
component  decides  about  explosive  properties.  Hexogen  (RDX),  pentrit  (PETN)  and  octogen 
(HMX)  are  used  very  often. 

In  this  work,  the  influence  of  NTO  additive  on  detonation  parameters  of  plastic 
explosives  is  shown.  NTO  is  commonly  accepted  as  a  component  of  explosive  compositions 
due  to  its  relatively  high  performance  and  low  sensitivity  to  mechanical  stresses. 
The  samples  of  mixtures  contained  NTO/RDX  in  a  different  weight  ratio.  We  investigated 
detonation  velocity,  blast  wave  overpressure  and  blast  wave  impulse  of  these  samples. 
The  impact  sensitivity  of  these  compositions  was  also  evaluated.  We  made  plastic  explosives 
with  good  sensitivity  to  mechanical  stress  without  worsening  their  detonation  parameters. 

Process  for  production  NTO  involves  two  stages,  based  on  commercially  available 
products  [2"5'. 

reacting  semicarbazide  hydrochloride  with  formic  acid, 
nitration  triazolone  by  fuming  nitric  acid. 

The  rheological  parameters  of  plastic  explosive  are  decisively  influenced  by  the  particle 
size  distribution  and  the  shape  of  the  explosive  crystals.  Process  for  production  spherical 
NTO  comprising  dissolving  NTO  and  cooling  solution  at  a  rate  of  6  °C  per  minute  r6,?l. 
NTO  is  crystalline  substance  with  high  density  and  velocity  detonation.  Melting  point 
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of  3-nitro-l,2,4-triazol-5-on  with  decomposition  260°C  This  explosive  is  used  as  a 
component  of  thermal  resistant  mixture.  NTO  is  low  sensitive  to  mechanical  stress  f8'. 
Critical  diameter  of  NTO  is  high  and  depends  on  its  grain  size  characteristic  and 
compression  ratio.  The  NTO  critical  diameter  is  from  13  to  25  mm. 191 .  Low  sensitivity  PBX 
based  on  HMX,  NTO  was  prepared  by  A.  Becuwe,  A.  Delclos  f10'. 

2.  MATERIALS  AND  METHODS 

2.1  Characteristics  of  explosives 

We  tested  following  explosives: 

>  hexogen  (RDX),  tamp  bulk  density  0,86  g/cm3,  grain  size  analysis  is 
presented  in  Fig.l, 

'j 

>  nitrotriazol  (NTO),  tamp  bulk  density  0,90  g/cm  ,  grain  size  analysis  is 
presented  in  Fig.2.  Crystals  of  NTO  are  shown  in  Fig. 3. 

NTO  was  recrystalizing  in  order  to  obtain  spherical  crystals  by  dissolving  crystals  and 
cooling  solution  at  a  rate  of  6  °C  per  minute. 

Plastic  binder  consisted  of  butadiene-styrene  copolymer,  dioctyl  adipate  and  oil. 
Binder  composition  is  given  below: 

>  butadiene-styrene  copolymer  30%, 

>  dioctyladipate  60%, 

>  oil  10%. 

Due  to  safety  and  mixing  quality  the  best  method  was  a  mixing  of  wet  explosive  with 
butadiene-styrene  copolymer  water  suspension. 


Fig  1.  Particle  size  distribution  of  RDX 
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NTO 


Fig  3.  Crystals  of  NTO 
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2.2  Detonation  velocity  measurement 

Detonation  velocity  was  determined  by  the  measurement  of  the  time  of  detonation  wave 
transition  through  three  sections.  Sections  were  40  mm  length.  Explosives  were  placed  into 
PCV  pipes  (internal  diameter  35  mm,  external  diameter  39  mm,  length  170  mm) 
The  mass  of  explosives  was  200  g.  Charges  was  initiated  by  RDX/TNT  boosters.  Distance 
from  start  charge  to  first  section  was  40  mm.  The  mass  of  boosters  was  16  g.  Density  and 
detonation  velocities  of  plastic  explosives  are  shown  in  Table  1.  Additive  of  NTO  decreases 
detonation  velocity  of  plastic  explosive  about  200  m/s  with  increasing  content  of  20  %  NTO. 
Additive  20  %  of  NTO  slightly  decreases  detonation  velocity  about  100  m/s  and  decreases 
sensitivity  to  impact  to  34,3  Nm.  Samples  with  80  %  NTO  elaborated  to  steel  pipes  (35  mm) 
detonated  with  velocity  6000  m/s. 

Table  1.  Detonation  velocities  for  plastic  explosives  with  additives  NTO 


Compositions 

Density,  g/cm 

Detonation 

velocity,  m/s 

ID,  mm 

Impact 

Sensitivity* 

[Nm] 

0  %  NTO 

100  %  RDX 

1,42 

7420 

35 

29,4 

20  %  NTO 

80  %  RDX 

1,45 

7200 

35 

34,3 

40  %  NTO 

60  %  RDX 

1,46 

6960 

35 

34,3 

60  %  NTO 

40  %  RDX 

1,49 

6760 

35 

34,3 

80  %  NTO 

20  %  RDX 

1,52 

6000** 

35 

>49,0 

100  %  NTO 

0  %  RDX 

1,50 

ND 

35 

>49,0 

*  min.  1  decomposition  at  6  samples 


*  *  in  steel  tubes 
ND  -  not  detonated 
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2.3  Blast  wave  overpressure 

Plastic  explosives  are  commonly  used  for  elongated  blasting  charges.  Both  overpressure 
and  blast  wave  impulse  are  of  great  importance  during  clearing  of  mines. 

We  adopted  compare  the  method  of  measurement  of  blast  wave  overpressure  generated 
by  explosives  fn|.  We  measured  the  intensity  of  blast  waves  generated  by  the  explosion  of 
plastic  explosives.  We  used  PCB  quartz  pressure  transducers  located  in  metal  stick  (Figure 
4).  Transducers  were  located  2  m  and  3  m  from  the  centre  of  charges.  Transducers  and 
charges  were  placed  1,5  m  above  the  ground.  Explosives  were  located  into  PCV  pipes 
(ID  35  mm).  The  mass  of  explosives  was  200  g.  Charges  were  initiated  by  RDX/TNT 
boosters.  The  mass  of  boosters  was  16  g.  Blast  overpressure  signal  for  plastic  explosive  with 
RDX  is  presented  in  Figure  5. 


1,0 


Fig  5.  Blast  overpressures  for  plastic  explosive  containing  84%  RDX 


580 


Table  5  shows  the  peak  blast  overpressures  obtained  for  investigated  plastic  explosives. 
Additive  of  NTO  decreases  the  peak  blast  overpressure.  Additives  20%  and  40%  NTO 
slightly  decrease  blast  overpressures  of  plastic  explosive.  They  were  respectively  84,69  kPa, 
79,58  kPa  for  2  m.  Additive  60%  NTO  decreases  peak  blast  overpressure  to  68,40  kPa 
for  2  m. 


Table  2.  The  peak  blast  overpressures  for  plastic  explosive  with  NTO  additives 


Compositions 

o 

Density,  g/cm 

Peak  overpressures,  kPa 

Notes 

for  2  m 

for  3  m 

0  %  NTO 

100  %  RDX 

1,42 

86,32 

44,48 

20  %  NTO 

80  %  RDX 

1,45 

84,69 

42,11 

40  %  NTO 

60  %  RDX 

1,46 

79,58 

39,11 

60  %  NTO 

40  %  RDX 

1,49 

68,40 

38,55 

80  %  NTO 

20  %  RDX 

1,52 

Not  detonated 

100  %  NTO 

0  %  RDX 

1,50 

Not  detonated 

2.4  Blast  wave  impulse 

The  blast  wave  impulses  generated  by  plastic  explosives  were  measured.  The  positive 
wave  impulses  correspond  with  lead  block  test  values  [11].  The  positive  phase  impulses 
were  calculated  by  integrating  the  blast  overpressure  signals  until  a  time  when  the  pressure 
falls  below  atmospheric  pressure.  The  results  are  shown  in  table  3.  Additive  20  %  and  40  % 
of  NTO  slightly  decreases  positive  phase  impulse  of  plastic  explosive.  The  impulses 
calculated  for  PE  with  NTO  additives  were  respectively  39,04  Pa  s,  37,91  Pa  s  for  2  m  and 
29,97  Pa  s,  27,44  Pa  s  for  3  m.  Additive  60  %  NTO  decreases  positive  phase  impulse  to 
34,15  Pa  s  for  2  m. 
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Table  3.  The  peak  blast  overpressures  for  plastic  explosive  with  NTO  additives 


Compositions 

Density,  g/cm 

Positive  phase  impulse,  Pas 

Notes 

for  2  m 

for  3  m 

0  %  NTO 

100  %HX 

1,42 

41,32 

31,92 

20  %  NTO 

80  %  HX 

1,45 

39,04 

29,97 

40  %  NTO 

60  %  HX 

1,46 

37,91 

27,44 

60  %  NTO 

40  %  HX 

1,49 

34,15 

25,14 

80  %  NTO 

20  %  HX 

1,52 

Not  detonated 

100  %  NTO 

0  %  HX 

1,50 

Not  detonated 

3.  CONCLUSIONS 

Crystalline  form  and  grain  size  characteristic  of  used  NTO  enabled  technological 
processing  and  ensured  for  good  plasticity. 

NTO  additives  generated  the  decrease  of  detonation  velocity  of  plastic  explosive.  For 
samples  contained  20-60%  NTO  detonation  velocity  slightly  decreased  about  200  m/s  with 
increasing  content  of  20  %  NTO.  Sensitivity  to  impact  is  the  same.  Plastic  explosive 
containing  80  %  NTO,  which  were  elaborated  in  steel  pipes  detonated. 

NTO  additives  decreased  peak  blast  overpressures  of  plastic  explosives.  Additive  20  % 
and  40  %  NTO  slightly  decreased  blast  overpressures  of  PE. 

NTO  additives  decreased  positive  phase  impulse  of  plastic  explosives  in  particular  for 
additives  60  %  of  NTO. 
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Abstract: 

In  the  paper  results  of  some  experimental  investigations  of  underwater  shock  waves 
parameters  generated  by  explosion  of  TNT  and  water-in-oil  emulsion  explosives  are 
presented.  In  experiments,  the  overpressure  history  in  transient  shock  wave  generated 
by  explosion  of  investigated  explosive  charges  was  measured.  Moreover  numerical 
evaluation  of  shock  waves  energy  and  bubble  energy  released  during  explosion  is 
performed.  These  calculated  parameters  could  be  used  as  parameters  of  explosive 
performance.  Comparison  of  the  explosion  energy  of  various  kinds  of  explosives  is 
performed.  An  influence  of  aluminium  powder  on  energy  released  is  discussed.. 


Keywords:  underwater  test,  emulsion  explosives,  ability  to  do  work 


1.  INTRODUCTION 

Many  explosives  used  in  blasting  industry  are  accomplished  as  multi-ingredient  mixtures 
in  which  the  detonation  process  occurs  in  a  nonideal  regime.  Differences  in  physical  and 
chemical  characteristics  of  the  components  of  the  mixture  results  in  differences  in  their 
reaction  susceptibility  and  overall  kinetic  mechanisms.  In  such  explosive  compositions  the 
chemical  reactions  in  Chapman  -  Jouguet  point,  as  usually,  are  still  not  completed.  Some 
additional  reactions  continue  to  proceed  in  the  first  stage  of  expansion  of  detonation 
products.  As  the  result,  additional  energy  is  liberated  after  the  detonation  zone.  Therefore,  in 
such  explosives  the  value  of  detonation  velocity  which  is  immediately  connected  to  the 
detonation  energy  i.e.  energy  evolved  before  the  C-J  point,  cannot  be  considered  as  the 
adequate  measure  of  the  energetic  performance  of  the  explosives  m. 

Also  other  classic  methods,  like  lead  block  test  or  ballistic  mortar  test  used  for 
estimation  of  work  capacity  do  not  assure  the  correct  illustration  of  real  energetic  potential  of 
nonideal  explosives,  mainly  due  to  limited  mass  of  samples  used  in  this  test  probes  ,2,  3’  41 . 
Performances  in  underwater  explosion  test  of  low  water  composition  (LWC)  emulsion 
explosives  as  well  as  TNT  were  presented. 

2.  EXPERIMENTAL 
2.1  Explosives  tested 

Emulsion  explosives  ALAN  1  and  ALAN  3  as  well  as  TNT  were  used  in  experiments. 
Base  energetic  parameters  and  composition  are  set  up  in  Table  1. 
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Table  1.  Composition  and  energetic  parameters  of  tested  explosives 


Parametr  MW 

Explosives 

Emulsion  explosives 

TNT 

ALAN  1 

ALAN  3 

Composition 

[cg/g] 

Nitrates 

84,26 

84,48 

- 

Aluminium 

2,07 

5,00 

- 

Water 

4,02 

3,27 

- 

Others 

9,65 

7,25 

- 

Mass  density,  [kg/m3] 

1170 

1150 

1580  ± 

5 

Work  capacity  (Lead  block),  [cm3] 

- 

310 

300 

Heat  of  explosion,  [kJ/kg] 

3640,60 

4307,29 

4533 

Ideal  work  of  explosion,  [kJ/kg] 

3046,38 

3581,13 

4500 

In  Fig.  1  we  present  exemplary  explosives  charges.  In  experiments  we  used  commercial 
form  of  emulsion  explosives  and  pressed  charges  of  TNT. 


Fig  1.  Exemplary  explosives  charges 


2.2  Shock  waves  overpressure  in  underwater  test 

During  an  underwater  explosion  appreciable  part  of  explosion  energy  is  following 
through  surrounding  water  as  shock  waves.  The  gas  bubble  expands  due  to  high  internal 
pressure  and  temperature  generated  during  explosion.  Because  of  the  water  inertia,  the 
bubble  expands  so  long,  that  inner  pressure  drops  below  hydrostatic  pressure  of  surrounding 
water.  And  then  bubble  reaches  the  maximum  volume.  Difference  between  hydrostatic  and 
bubble  pressure  is  reason  that  water  starts  moving  into  the  centre  of  the  bubble.  And  the 
bubble  collapses. 
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We  can  record  of  prime  shock  waves  and  time  of  bubble  first  collapse.  These  records 
allow  us  to  calculate  shock  waves  and  bubble  energy.  We  used  well-known  fS|  equation  to 
calculate: 

-  The  shock  energy: 

6,1 6 

E,  =  T  J  p2(  t)dt 

0 

where:  0-  characteristic  time;  ks  -  coefficient. 

-  The  bubble  energy: 

F  =  k  T3 

K'b1b 

where:  Tp  -  characteristic  time;  kb  -  coefficient. 

Time-overpressure  distribution  in  the  blast  wave  generated  by  investigated  explosive 
charges  was  measured  by  pressure  gauges  of  PCB  Piezotronics,  Inc,  Serie  138A.  The  gauges 
register  overpressure  in  the  transient  shock  wave,  sliding  on  the  working  surface  of  the 
device.  It  works  as  an  electromechanical  transducer  that  converts  the  pressure  (ratio  of  the 
force  acting  on  the  working  surface  of  the  active  element  to  magnitude  of  this  surface)  into 
the  proportional  voltage  signal. 

The  sketch  of  the  experimental  set  is  presented  in  Fig.  2. 


Fig  2.  Experimental  set  up:  1  -  explosive  charge;  2  -  pressure  gauge;  3  - 
detonator 

3.  RESULTS  OF  EXPERIMENTS  AND  DISCUSSION 

In  the  Fig  3  an  exemplary  registration  of  overpressure  course  for  ALAN  1  explosive  is 
presented.  The  charges  of  1.0  kg  of  emulsion  explosives  and  0.5  kg  of  pressed  TNT  were 
used.  The  registration  is  made  at  the  distance  and  depth  of  3  m.  Upon  the  registered 
overpressure  history  the  maximal  pressure  value  is  estimated  (see  Table  2).  In  the  Fig  4 
effect  of  underwater  explosion  is  presented. 
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Fig  3.  Overpressure  vs  time  diagram  for  ALAN  1 


Fig  4.  Effect  of  underwater  explosion  of  ALAN  1  charge 

In  the  Table  2  the  results  of  overpressure  measurements  and  time  of  bubble  first 
collapse,  as  well  as  calculated  value  of  shock  wave  and  bubble  energy  for  investigated 
explosives  are  presented. 

Time  between  primary  shock  wave  and  first  bubble  pulse  is  base  to  calculate  bubble 
energy.  Time  of  first  bubble  pulse  record  ALAN  1  is  presented  on  Fig  5. 
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Fig  5.  Bubble  pulse  time  period  record 


Table  2.  Measured  underwater  shock  wave  overpressure  and  calculated  parameters 
with  standard  deviation  for  investigated  explosives 


MW 

Apmax?  MPa 

Tb,  ms 

Efu?  MJ/kg 

Eb,  MJ/kg 

Ao,  MJ/kg 

TNT 

12,13  ±0,77 

184  ±  1 

2,11  ±0,11 

1,73 

3,84 

ALAN  1 

13,19  ±0,67 

235  ±  1 

1,42  ±0,07 

1,78 

3,20 

ALAN  3 

13,14  ±0,82 

239  ±  1 

1,27  ±0,07 

1,87 

3,14 

As  an  important  factor  influencing  upon  the  detonation  parameters  aluminium  particles 
reaction  degree  inside  the  detonation  zone  can  be  indicated.  In  first  stage  aluminium  particles 
absorb  energy  and  act  as  an  inert  additive.  The  process  of  aluminium  activation  occurs  on 
behalf  of  energy  liberated  in  other  chemical  reactions.  Absorption  of  energy  evolved  in 
parallel  chemical  reactions  aluminium  alters  the  kinetic  of  this  process.  Therefore, 
aluminium  lowers  detonation  parameters,  in  particular  the  detonation  velocity. 

The  main  output  of  energy  produced  in  reactions  of  aluminium  combustion  occurs  after 
the  as  the  C-J  point.  The  liberated  energy  influences  the  process  of  expansion  of  detonation 
products.  Due  to  relatively  large  energy  efficiency  of  aluminium  oxidation  the  energy 
liberated  in  aluminium  combustion  can  bring  a  considerable  contribution  to  the  work 
capacity  of  expanding  gases.  Therefore,  value  of  explosion  work  (Ao  -  as  a  sum  of  shock 
wave  energy  and  bubble  energy)  can  be  an  important  indicator  of  energetic  performance  of 
explosive  charge.  The  comparison  of  overpressure  magnitude  attained  in  underwater  shock 
wave  of  considered  explosives  are  depicted  in  Fig  6  and  7. 
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Explosive 


Fig  6.  Maximum  underwater  shock  wave  overpressure 


o> 

XL 


o 


4,5E+06-| 

4,0E+06 

3,5E+06 


3,0E+06 

2,5E+06 

2,0E+06 

1.5E+06- 

1.0E+06- 

5,0E+05 

0,0E+004 


TNT 


■  Eb 
□  Es 


ALAN1 

Explosive 


ALAN  3 


Fig  7.  Explosion  work  for  tested  explosives 


As  can  be  seen,  the  values  of  maximum  overpressure  for  emulsion  explosive  are  nearly 
equal  despite  higher  detonation  parameters  of  ALAN  1 .  However,  ALAN  3  has  higher  heat 
of  explosion  (see  table  1).  In  Fig  7  we  can  see,  that  greater  addition  of  aluminum  powder  in 
ALAN  3  caused  the  greater  share  of  bubble  energy  in  explosion  work  than  ALAN  3. 
Therefore  one  can  conclude  that  the  value  of  underwater  explosion  work  is  a  useful 
characteristic  of  the  working  potential  of  nonideal  explosives. 
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4. 


CONCLUSIONS 


In  the  paper  analysis  of  underwater  explosion  parameters  of  mining  explosives  are 
performed.  Emulsion  explosives  of  water-in-oil  type  and  TNT  were  investigated.  Values  of 
maximal  overpressure  magnitude  in  underwater  shock  wave  generated  by  explosion  of 
investigated  explosive  as  well  as  time  of  first  bubble  collapse  are  considered. 

Explosive  characteristics  of  heterogeneous  explosive  mixtures,  like  emulsion  explosives 
are  considered.  An  attention  is  paid  to  the  influence  of  additional  energy  output,  which  can 
proceed  after  the  detonation  zone.  In  this  case,  the  detonation  velocity  cannot  be  the  measure 
of  the  global  explosion  energy  as  it  is  strictly  coupled  with  the  energy  liberated  before  the  C- 
J  point,  through  the  detonative  adiabate.  The  additional  energy  that  is  produced  during 
expansion  of  detonation  products  will  enhance  intensity  of  loading  wave  generated  in 
material  surrounding  the  explosive  charge.  Therefore,  by  measuring  the  underwater  shock 
wave  intensity  and  the  time  of  bubble  first  collapse,  we  can  calculate  a  work  of  expansion  of 
tested  explosives.  So,  a  more  integral  characteristic  of  energy  output  occurring  in  explosion 
could  be  obtained. 

In  the  paper,  experimental  measurements  as  well  as  numerical  evaluation  of  blast  field 
produced  by  explosive  charges  is  performed.  As  can  be  seen  from  obtained  results,  in  the 
case  of  aluminized  explosives  when  the  detonation  velocity  is  lowered  due  to  inertial  effects 
of  aluminum  particles  in  the  first  stage  of  the  detonation  process,  the  value  of  blast 
overpressure  can  give  a  more  realistic  estimation  of  the  energy  performance. 

The  proposed  method  can  be  used  as  the  optional  characteristic  of  the  explosive 
performance.  However,  the  more  comprehensive  methodic  should  be  elaborated,  to 
introduce  this  approach  as  the  criterion  for  estimation  energetical  efficiency  of  explosives. 
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Abstract: 

A  calculation  procedure  has  been  developed  for  finding  thermodynamic  conditions 
under  which  nitroglycerine,  diethylene  glycol  dinitrate,  and  triethylene  glycol  dinitrate 
vapors  are  condensed  on  the  surfaces  of  process  apparatus  during  the  production  of 
energetic  materials.  Temperature  -  (plasticizer  content  in  dry  air)  diagrams  have  been 
calculated  and  mapped.  The  diagrams  allow  one  to  estimate  the  condensation 
temperature  of  supersaturated  nitroester  vapor  and  to  calculate  the  condensate  weigh  t. 
A  procedure  has  been  proposed  for  measuring  the  partial  saturated  vapor  pressure  of  a 
plasticizer  under  the  production  conditions. 

Keywords:  nitroester,  prediction  of  thermodynamic  condition  for  condensation, 

energetic  material 


1.  INTRODUCTION 

Esters  of  polyatomic  alcohols  and  nitric  acid,  such  as  nitroglycerine  (NG),  diethylene 
glycol  dinitrate  (DEGDN),  and  triethylene  glycol  dinitrate  (TEGDN),  are  components  of 
various  energetic  materials.  Nitroesters  are  employed  for  plasticizing  cellulose  nitrates  in  the 
design  of  double-base  gun  powders  and  propellants  and  for  plasticizing  synthetic  polymers 
in  the  production  of  mixed  solid  propellants.  NG,  DEGDN,  and  TEGDN  are  known  to  be 
powerful  explosives  with  high  impact  and  friction  sensitivities.  Therefore,  plasticizer 
separation  from  energetic  materials  is  undesirable.  Nitroester  drops  can  appear  when  the 
components  of  gun  powders  or  propellants  have  poor  thermodynamic  affinity  or  when 
supersaturated  plasticizer  vapor  is  condensed  on  the  surface  of  process  apparatus.  The 
thermodynamic  affinity  of  nitroesters  to  cellulose  nitrates  and  synthetic  polymers  has  been 
discussed  in  fl ' 31 .  Our  goal  in  this  work  was  to  predict  whether  NG,  DEGDN,  and  TEGDN 
vapor  could  condense  on  the  surface  of  process  apparatus  and  to  estimate  the  condensation 
temperature  and  condensate  weight.  To  this  end,  temperature  -  (plasticizer  content  of  dry  air) 
diagrams  have  been  designed.  A  procedure  has  also  been  developed  for  measuring  the  partial 
vapor  pressure  of  nitroesters  under  process  conditions. 

2.  RESULTS  AND  DISCUSSION 

To  design  temperature  -  (plasticizer  content  of  dry  air)  diagram,  one  must  know  the 
plasticizer  saturated  vapor  pressure  as  a  function  of  temperature.  Saturated  vapor  pressures 
of  NG,  DEGDN,  and  TEGDN  were  measured  in  [1,  21  by  means  of  static  and  gas- 
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chromatography  dynamic  methods.  The  results  of  these  measurements  are  compiled  in 
Table  1. 


Table  1.  The  saturated  vapor  pressure  of  nitroesters 


Temperature, 

°C 

Saturated  vapor  pressure,  Pa 

NG 

DEGDN 

TEGDN 

15 

0.033 

0.24 

20 

0.058 

0.39 

25 

0.10 

0.60 

0.067 

30 

0.17 

0.92 

0.11 

35 

1.38 

0.18 

40 

0.49 

2.16 

0.31 

45 

0.69 

2.89 

0.47 

50 

1.16 

4.26 

o 

O' N 

55 

1.99 

6.49 

0.99 

60 

2.86 

9.03 

1.72 

The  saturated  vapor  pressure  versus  temperature  curves  were  fitted  to  the  following 
equations: 

for  NG,  In  p°  =  29.62  - 

T 

7699 

for  DEGDN,  In  p°  =  25.3 1 - 

T 

92 1 0 

for  TEGDN,  In  p°  =  28. 19 - 

T 

Here,  T  is  temperature  in  Kelvin  degrees. 

An  enthalpy  versus  water  content  diagram  for  moist  air  (Mollier’s  diagram)  141  was 
chosen  to  be  a  propotype  for  temperature  -  (plasticizer  content  of  dry  air)  diagrams. 
Temperature  t  (°C)  is  related  to  the  plasticizer  content  (kg/kg  dry  air)  through 

,T_  M  w>°(0  (4) 

Ma,Palr-<pp\t) 

Here,  M  is  the  plasticizer  molecular  mass;  Mair  is  the  molecular  mass  of  dry  air,  equal 
to  0.029  kg/mol;  p°(t )  is  the  saturated  vapor  pressure  of  a  plasticizer  calculated  from  eqs. 
(1)  -  (3);  and  Pair  is  air  pressure.  Our  calculations  were  made  for  the  atmospheric  pressure  of 
Pair  =  745  mmHg  =  99  325  Pa  (taken  as  a  year-average  value  for  the  central  regions  of 
Russia  and  Europe  ,4')  and  for  working  pressure  of  Pair  =  10  mmHg  =  1333.12  Pa  (this  is 

the  residual  air  pressure  in  an  apparatus  at  blending  of  the  components  of  an  energetic 
material).  For  cp ,  an  expression  holds: 

(P  =  (5) 

P 


(1) 

(2) 

(3) 
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where  p  is  the  partial  vapor  pressure  of  the  plasticizer.  Thus,  (p  is  an  analogue  of  the 
relative  humidity  of  moist  air. 

Figures  1-6  present  the  temperature  -  (plasticizer  content  of  dry  air)  diagrams  for  NG, 
DEGDN,  and  TEGDN  calculated  from  eqs.  (1)  -  (5).  (p  ranges  from  0  to  100%;  temperature, 

from  15  to  60  °C.  cp  =  const  lines  form  a  bundle  of  diverting  lines  radiating  from  one  point 
(not  shown)  with  coordinates  x  =0  and  t  =  -273.15  °C  (0  K).  Line  (p  =  100%  corresponds 
to  the  saturated  plasticizer  vapor  at  a  chosen  temperature.  This  line  is  the  lower  boundary  of 
the  working  area  of  the  diagram;  this  working  area  describes  the  state  of  dry  air  unsaturated 
with  a  plasticizer.  The  area  of  the  diagram  lying  under  line  cp  =  1 00%  refers  to  plasticizer- 
supersaturated  air  and  is  of  no  practical  interest. 

Figures  7  and  8  show  the  partial  vapor  pressures  of  nitroesters  as  a  function  of  their  air 
content.  The  diagrams  were  calculated  from 


P  = 


PairX 


M 

Kir 


+  x 


(6) 


For  the  efficacy  of  use  of  these  diagrams,  one  needs  a  procedure  for  determining  the 
plasticizer  partial  vapor  pressure  under  process  conditions,  i.e.,  in  the  volume  of  blenders, 
containers,  pipings,  and  other  process  apparatus. 

The  experimental  determination  of  nitroester  partial  vapor  pressures  under  production 
conditions  is  based  on  the  same  principles  as  the  dynamic  gas-chromatographic 
determination  f21.  The  measurement  procedure  involves  two  major  stages:  gas  extraction  and 
chromatographic  analysis.  The  gas  extraction  stage  is  schematized  in  Fig.  9.  Air  and 
plasticizer  vapor  are  pumped  put  from  the  volume  of  an  apparatus  (e.g.,  a  blender)  by  means 
of  a  vacuum  pump.  A  gas  mixture  passes  through  a  chromatographic  column.  During 
passage,  plasticizer  vapor  is  sorbed  in  the  head  of  the  column  and  is  retained  there  during  the 
entire  gas  extraction  period. 

When  gas  extraction  is  over  (its  duration  is  recorded  with  a  stopwatch),  chromatographic 
analysis  starts.  The  column  is  mounted  in  the  thermostat  of  a  chromatograph,  a  carrier  gas  is 
admitted  to  the  column,  and  temperature  is  raised  to  140  -  150  °C.  The  plasticizer  that  has 
been  sorbed  during  extraction  leaves  the  column  and  is  detected  with  a  flame-ionization 
detector.  To  process  the  chromatograms,  a  calibration  curve  that  relates  the  signal  area  to  the 
plasticizer  weight  is  used. 

The  concentration  and  partial  vapor  pressure  of  the  nitroesters  in  the  volume  of  process 
apparatus  are  calculated  from 


c  = 


mTR  [j  +  iWp 

wtTe  {  Px  , 


(7) 


P  =  7 ~RTe  (8) 

M 

Here  m  is  the  plasticizer  weight  calculated  from  the  surface  area  of  a  chromatographic 
peak,  w  is  the  output  of  a  vacuum  pump,  r  is  the  gas  extraction  duration,  TR  is  the 
temperature  of  the  working  room,  TE  is  the  temperature  inside  an  apparatus,  M  is  the 


593 


t,°C  (p  =  5  10  20  30  40  50  60  70  80  90  100  % 


x,g/kg 


Fig.  1.  Temperature  vs.  NG  concentration  in  dry  air  diagram 
Pair  =  745  mmHg  =  99  325  Pa. 
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Fig.  2.  Temperature  vs.  NG  concentration  in  dry  air  diagram 
Pair  =  10  mmHg  =  1333.22  Pa 
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Fig.  3.  Temperature  vs.  DEGDN  concentration  in  dry  air  diagram 
Pair  =  745  mmHg  =  99  325  Pa 
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Fig.  4.  Temperature  vs.  DEGDN  concentration  in  dry  air  diagram 
Pair  =  10  mmHg  =  1333.22  Pa 
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Fig.  5.  Temperature  vs.  TEGDN  concentration  in  dry  air  diagram 
Pair  =  745  mmHg  =  99  325  Pa 


Fig.  6.  Temperature  vs.  TEGDN  concentration  in  dry  air  diagram 
P.  =  10  mmHg  =  1333.22  Pa. 
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Fig.  9.  Schematics  of  gas  extraction.  Notation:  (1,  2)  pressure  gages, 
(3)  chromatographic  column,  (4)  blender,  and  (5)  vacuum  line 


molecular  mass  of  the  plasticizer,  and  Pl  and  P2  are  the  readings  of  pressure  gages  1  and 
2  (Fig.  9). 

Once  the  plasticizer  partial  vapor  pressure  has  been  measured,  one  can  determine  x 
from  the  curves  plotted  in  Figs.  7  and  8  and  find  a  point  on  the  diagram  (Figs.  1  -  6)  to 
characterize  the  state  of  the  system.  After  this,  designing  a  straight  line  parallel  to  the 
temperature  axis  until  it  meets  curve  <p  =  100%,  one  finds  the  plasticizer  condensation 

temperature  T* .  If  the  temperature  of  the  system  drops  below  T*  (e.g.,  down  to  T**),  the 
ester  condensate  weight  is  easily  found  from 

P  V 

,  He  H5^  ..  -L  r  r-'  _. 

mc=(x  ~x  (’> 

K1e 

where  VE  is  the  volume  of  the  apparatus  (e.g.,  a  blender  or  container),  and  x*  and  x** 
are  the  abscissas  of  curve  (p  =  100%  at  ordinates  T*  and  T ** . 

The  ester  condensate  weight  in  a  vacuum  piping  is  calculated  from  an  analogue  of  the 
above  equation: 

mc=(x-xn)^Malr  (10) 

PI  E 

Here,  r  is  the  operation  time  of  a  vacuum  pump,  and  T**  corresponds  to  the 
temperature  of  a  cold  portion  of  the  piping  where  plasticizer  vapor  condenses. 
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3.  CONCLUSION 


In  this  work  we  have  calculated  and  plotted  temperature  -  (plasticizer  content  of  dry  air) 
diagrams  for  nitroglycerine,  diethylene  glycol  dinitrate,  and  triethylene  glycol  dinitrate.  The 
calculations  referred  to  the  atmospheric  pressure  of  Pair  =  745  mmHg  =  99  325  Pa  and 

working  air  pressure  Pair  =10  mmHg  =  1333.22  Pa  in  the  temperature  range  15  -  60  °C. 

We  have  developed  a  procedure  for  measuring  partial  vapor  pressure  for  nitroesters 
in  the  free  volume  of  a  process  apparatus.  This  procedure  and  the  temperature  versus 
plasticizer  concentration  of  dry  air  diagrams  allow  one  to  ascertain  whether  nitroester  vapor 
could  condense  on  the  surfaces  of  process  apparatus,  to  determine  the  condensation 
temperature,  and  to  calculate  the  condensate  weight. 
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Abstract: 

The  electron  densities  for  the  selective  set  of  twen  ty  explosives  with  composition  C-H-N- 
O  were  calculated  (i)  for  individual  molecules  and  (ii)  for  molecules  placed  in  crystal 
cell.  Indirect  linearity  of  absolute  difference  of  charges  for  bonds  C-NO2,  N-NO2  and 
0-N02  versus  the  length  of  the  bond  was  founded  in  both  cases.  The  influence  of  non- 
covalent  hydrogen  bonds  for  distinctly  decreasing  of  the  impact  sensitivity  was 
confirmed.  On  the  base  of  results  from  experimental  methods  such  as  the  impact 
sensitivity  and  theoretical  methods  such  as  molecular  mechanics  and  molecular  density 
calculations  for  selected  set  of  twenty  explosives  the  possibilities  of  prediction  for 
impact  sensitivity  of  new  energetic  materials  are  discussed. 

Keywords:  Impact  sensitivity,  electron  density,  energetic  materials, 

molecular  mechanics  and  hydrogen  bond 


1.  INTRODUCTION 

The  research  of  the  stmcture -properties  relationship  for  the  energetic  materials  is  an 
object  of  permanent  interest.  The  reason  is  to  create  a  strategy  for  the  prediction  of 
parameters  new  (still  not  ready)  energetic  materials  (EM)  with  high-energy  content  and 
acceptable  stability  and  impact  sensitivity.  The  authors  of  excellent  review  111  quote  well- 
known  linear  relation  between  energy  of  decomposition  and  the  impact  sensitivity.  This 
linear  relation  pays  generally  also  for  detonation  energy  f2'  apart  from  several  exemptions.  It 
is  very  probable,  that  the  van  der  Waals  intermolecular  forces  and  especially  non-covalent 
hydrogen  bonds  have  big  influence  for  the  impact  sensitivity  of  energetic  material  crystal 
cells. 131 

The  definitions  and  practical  methods  for  determination  of  the  impact  sensitivity  are  in 
the  center  of  wide  debate  now.  The  results  of  drop  hammer  test  are  the  most  used  criterion 
for  the  determination  of  the  impact  sensitivity  of  investigated  energetic  materials  because  of 
the  most  data  are  disposal.  But  for  many  objective  reasons,  which  we  can  only  agree  with, 
this  test  is  very  often  criticized. 

In  this  work  the  values  of  drop  hammer  test  are  used  (drop  h50  for  2.5  kg  hammer),  but 
the  values  are  differentiate  only  as  higher  or  lower  impact  sensitivity,  when  the  criterion  for 
dividing  line  is  drop  h50  ~50  cm.  The  aim  of  this  work  was  describe  the  influence  of  partial 
charge  distribution  of  the  bonds  C-NCE,  N-NCE  and  O-NCE  versus  the  impact  sensitivity  of 
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(i)  individual  molecules  and  (ii)  molecules  placed  in  crystal  cell.  In  case  of  molecules  in 
crystal  cell  the  significant  influence  of  van  der  Waals  and  non-covalent  Hydrogen  bonds  was 
indicated. 


2.  CALCULATION 

The  NO2  groups  in  tested  selected  set  of  twenty  explosives  are  connected  to  carbon, 
nitrogen  and  oxygen  in  different  groups.  Two  different  bonds  are  also  included  in  one 
molecule  in  several  cases  (C-NO2  and  N-NO2  or  O-NO2  and  N-NO2).  The  structure 
parameters  of  presented  energetic  materials  are  determined  from  X-ray  or  neutron  crystal 
structure  analysis  (references  cited  in  table  1).  The  results  of  calculated  detonation  energy 
(Ed)  per  volume  cell fS|  and  the  results  of  determined  drop  h50  ,6'  are  listed  in  table  1 . 


Table  1.  Basic  parameters  of  selected  explosives 


Number 

mm 

P 

Hf 

P 

D 

Q 

LU 

h 

Ref. 

iuaHhI.hi 

GPa 

jssffisi 

cm 

1 

HNIW 

2,03 

99,2 

43,99 

9,620 

9,684 

23 

7 

2 

HMX 

1,90 

17,8 

38,08 

9,119 

8,858 

26 

8 

3 

BTNEN 

1,96 

-175,9 

39,08 

9,157 

8,861 

5 

9 

4 

BTNEU 

1,86 

-71,7 

36,57 

8,993 

8,657 

17 

10 

5 

TNAZ 

1,84 

3,0 

36,08 

8,960 

8,614 

21 

11 

6 

RDX 

1,80 

14,7 

34,24 

8,786 

8,321 

24 

12 

7 

PETN 

1,77 

-129,0 

33,13 

8,686 

8,157 

12 

13 

8 

DADNE 

1,88 

-32,0 

33,60 

8,591 

7,889 

120 

14 

9 

DINA 

1,67 

-74,0 

28,54 

8,208 

7,348 

23 

15 

10 

BDNPN 

1,73 

-65,3 

29,30 

8,226 

7,343 

29 

16 

11 

NG 

1,59 

-118,7 

27,07 

8,121 

7,224 

10 

17 

12 

DNI 

1,76 

4,9 

27,50 

7,926 

6,806 

100 

18 

13 

TATB 

1,94 

-33,3 

29,34 

7,958 

6,710 

320 

19 

14 

NQ 

1,77 

-22,0 

27,01 

7,843 

6,650 

177 

20 

15 

TE 

1,73 

8,0 

26,29 

7,792 

6,590 

32 

21 

16 

DATB 

1,84 

-23,6 

26,78 

7,719 

6,394 

320 

22 

17 

TNA 

1,77 

-18,0 

24,90 

7,530 

6,131 

177 

23 

18 

HNS 

1,74 

16,1 

22,97 

7,270 

5,731 

54 

24 

19 

TNB 

1,68 

-24,6 

21,97 

7,189 

5,631 

100 

25 

20 

TNT 

1,65 

-18,0 

20,54 

6,991 

5,336 

160 

26 

The  calculation  of  molecular  density  for  individual  molecules  was  carried  out  in 
WinMOPACv2.0,  method  AMI.  The  molecular  density  for  molecules  placed  in  crystal 
structure  was  carried  out  in  Cerius 2  modeling  environment  |2?l,  method  charge  equilibrium 
approach  (Qeq)  [2S|.  The  crystal  structures  were  built  in  Crystal  Builder  module  on  the  basis 
of  published  X-ray  and  neutron  diffraction  data.  These  structures  were  not  anyway  changed 
after  the  building  during  the  calculation.  The  total  crystal  energy  of  these  selected  energetic 
materials  was  determined  in  Minimizer  module  using  the  universal  force  field  (UFF)  1291 .  The 
parameters  in  the  universal  force  field  characterize  all  atoms  in  the  periodic  table.  The  value 
of  total  crystal  energy  and  its  valence  and  non-bond  energy  components  were  determined. 
The  valence  components  are  bond,  angle,  torsion  and  inversion  energy  terms  and  non-bond 
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components  are  van  der  Waals  and  Coulomb  energy  terms.  Van  der  Waals  energy  terms  are 
calculated  with  well-known  Lenard-Jones  potential  functional  form  f30'  and  Coulomb  energy 
terms  are  calculated  on  the  base  Coulomb  principle.  The  hydrogen  bond  energy  terms  are 
calculated  as  a  part  of  non-bond  energy  terms  ,27’ 311 .  The  calculated  values  are  presented  in 
the  table  2  for  different  bond  groups. 


Table  2.  Selected  properties  for  investigated  set  of  explosives 


delta 

A1 

Bond 

length 

Impact 

sensitivity 

Ew/Z 

Es/Z 

Ew+Ec/Z 

delta 

A2 

e 

pm 

cm 

kcal/mol 

kcal/mol 

kcal/mol 

e 

Nitramines 

n-no2 

HNIW 

0,965 

142,4 

23 

47,6 

150,175 

-83,25 

0,4397 

HMX 

0,921 

137,3 

26 

37,85 

-60,2 

-145,95 

0,4397 

BTNEN 

0,999 

137,5 

5 

33,975 

234 

45,425 

0,5469 

TNAZ 

0,845 

135,1 

21 

-0,225 

162,2 

-37,788 

0,4886 

RDX 

0,852 

139,8 

24 

31,8 

79,15 

-60,188 

0,4403 

DINA 

0,925 

135,7 

23 

8,7 

54,775 

-59,925 

0,4368 

BDNPN 

1,018 

136,7 

29 

22,5 

155,2 

-27,6 

0,509 

NQ 

0,958 

133,5 

177 

35,444 

-4,288 

-83,063 

0,3724 

TE 

0,904 

134,8 

32 

16,2 

41,45 

-103,525 

0,4667 

Nitroalifates 

C-N02 

BTNEN 

0,686 

154,4 

5 

33,975 

234 

45,425 

0,2702 

BTNEU 

0,692 

153 

17 

20,55 

187,8 

42,3 

0,3158 

TNAZ 

0,682 

151,7 

21 

-0,225 

162,2 

-37,788 

0,1115 

DADNE 

1,124 

142,6 

120 

25,75 

89,875 

-12,5 

0,2611 

BDNPN 

0,594 

153 

29 

22,5 

155,2 

-27,6 

0,085 

O-nitrates 

O-NO2 

PETN 

0,926 

140,4 

12 

8,95 

293,1 

-94,35 

0,8062 

DINA 

0,906 

140,5 

23 

8,7 

54,775 

-59,925 

0,7306 

Ng 

0,893 

141,4 

10 

6,9 

201,75 

-15,7 

0,7136 

Nitroaromates 

C-NO2 

TE 

0,697 

149,7 

32 

16,2 

41,45 

-103,525 

0,0104 

TATB 

1,009 

142,2 

320 

376,9 

480,75 

356,05 

0,1524 

DNI 

0,747 

147,1 

100 

56,425 

162,838 

80,388 

0,3208 

DATB 

0,899 

151 

320 

135,1 

214,6 

100,7 

0,0647 

TNA 

0,819 

147,4 

170 

56,775 

84,825 

0,375 

0,0384 

HNS 

0,716 

147,1 

54 

32,025 

28,425 

-107,65 

0,0453 

TNB 

0,728 

149,3 

100 

14,706 

5,213 

-63,056 

0,0059 

TNT 

0,73 

147,4 

160 

4,613 

48,188 

-55,3 

0,0486 

Note:  Underline  EM  contain  non-covalent  Hydrogen  bonds. 
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ABBREVIATIONS: 


HNIW  -  2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazatetracyclo  [5.5.0.05,9.03,11]dodecane 

HMX  -  l,3,5,7-tetranitro-l,3,5,7-tetraazacyclooctane 

BTNEN  -  di  (2,2,2-trinitroethyl)  nitramine 

BTNEU  -  di  (2,2,2-trinitroethyl)  urea 

TNAZ  -  1,3,3-trinitroazetidine 

RDX -  l,3,5-trinitro-l,3,5-triazacyclohexane 

PETN  -  pentaerythritol  tetranitrate 

DADNE  -  1,1 -diamino-2, 2-dinitroethene 

DINA  -  di  (2-nitratoethyl)  nitramine 

BDNPN  -  di  (2,2-dinitropropyl)  nitramine 

Ng  -  glycerine  trinitrate 

DNI  -  2,4-dinitroimidazole 

TATB  -  1, 3, 5 -triamino-2, ^ 4, 6-trinitrobenzene 

NQ  -  nitroguanidine 

TE  -  N-methyl-2,4,6,N-tetranitroaniline 

DATB  -  1,3 -diamino-2, 4, 6-trinitrobenzene 

TNA  -  1 -amino-2, 4, 6-trinitrobenzene 

HNS  -  2,2‘,4,4‘,6,6‘-hexanitrostilbene 

TNB  -  1,3, 5 -trinitrobenzene 

TNT  -  2,4,6-trinitrotoluene 


3.  DISCUSSION 

As  we  can  see  in  table  1 ,  high  value  of  detonation  energy  Ed  corresponds  with  low  value 
of  drop  I150.  The  exempts  exist  for  two  types  of  energetic  materials:  DADNE  and  TE.  Low 
impact  sensitivity  in  case  of  DADNE  was  discussed  earlier  because  of  DADNE  contains 
non-covalent  hydrogen  bonds.  Values  between  difference  partial  charges  (A1)  for  individual 
molecule  calculated  in  WinMOPACv20,  method  AMI  and  difference  partial  charges  (A2) 
for  molecules  in  crystal  structure  calculated  in  program  Cerius  ,  method  Qeq  are  numerically 
various  but  each  group  is  calculated  in  relative  similar  range.  These  results  give  hope  that  for 
new,  still  not  ready  EM,  is  possible  to  use  the  value  of  A1  for  X-NO2  bonds  without 
knowledge  of  molecule  structure  in  crystal. 

Fact,  that  some  EM  contains  nitro-groups  connected  to  different  atoms,  can  show  reason 
for  their  high  impact  sensitivity  (BTNEN,  BDNPN,  etc.).  On  the  other  hand  the  role  of  non- 
covalent  hydrogen  bonds  was  confirmed  because  of  their  existence  in  crystal  dramatically 
decrease  the  impact  sensitivity  and  of  course  other  parameters  such  as  density,  melting 
temperature  etc.  are  influenced. 

The  values  of  van  der  Waals  energies  Ew,  exactly  their  proportion  for  individual 
molecule  Ew/Z,  have  not  direct  influence  for  the  impact  sensitivity  of  selected  investigated 
EM,  when  crystals  have  not  contained  non-covalent  hydrogen  bonds.  In  the  case  of  crystals 
with  non-covalent  hydrogen  bonds  energy  Ew/Z  decrease  the  impact  sensitivity  because  of 
the  hydrogen  bond  energy  is  included  as  a  part  of  Ew/Z. 
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4. 


CONCLUSION 


Presented  results  show  using  of  accessible  programs  for  qualitative  prediction  of  impact 
sensitivity  for  new,  still  not  ready  EM.  The  strong  influence  of  non-covalent  hydrogen  bonds 
for  decreasing  of  impact  sensitivity  for  investigated  set  of  EM  was  shown  especially  in  cases 
of  crystals  with  molecules  contain  amine-  and  nitro-group  together.  The  hydrogen  bond 
connection  between  oxygen  and  carbon  can  also  enact  a  role  in  decreasing  of  impact 
sensitivity.  These  relations  can  be  more  specify  with  knowledge  of  results  for  higher  number 
of  EM  based  on  X-ray  and  neutron  diffraction  analysis. 
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Abstract: 

Researches  on  nitro guanidine  (NGU)  crystallization  were  conducted  in  order 
to  obtain  spherical  crystals.  We  investigated  plastic  bonded  explosive  based  on  hexogen 
with  NGU  as  an  additive.  Nitroguanidine,  as  a  component  of  PBX  generated  the 
decrease  of  sensitivity  to  mechanical  stress  without  worsening  other  parameters. 

Keywords:  spherical  nitroguanidine,  insensitive  high  explosive 


1.  INTRODOCTION 

Growth  of  terrorist  threats  and  military  technology  development  causes  the  necessity 
of  new  insensitive  explosives  elaboration.  A  major  component  of  high  energetic  material 
usable  form,  which  decides  on  explosive  properties,  is  the  explosive  itself.  Hexogen,  pentrit, 
octogen  are  commonly  used  high  explosives.  They  are  characterized  by  high  explosive 
energy  and  low  sensitivity  to  external  stress.  The  increase  of  resistance  to  mechanical, 
electrical  and  thermal  stresses,  without  worsening  other  parameters,  is  realized  by  the 
addition  of  such  explosives  like  nitroguanidine  (NGU),  3-nitro-l,2,4-triazol-5-one  (NTO) 
or  1, 3, 5 -triamino -2,^ 4, 6-trinitrobenzene  (TATB)  ,1"3'. 

Attention  has  been  focused  on  the  explosive  properties  of  nitroguanidine  since 
the  beginning  of  the  last  century.  Though,  this  explosive  did  not  find  any  practical 
application  [4]. 

Nitroguanidine  obtained  the  great  importance  as  the  component  of  propellants,  which 
decreases  the  erosion.  Now,  interest  with  nitroguanidine  grows  up  for  the  sake  of  its  low 
sensitivity  to  mechanical  stress. 

Among  the  explosives  of  low  sensitivity  to  external  stress,  nitroguanidine  is  inexpensive 
and  easy  to  synthesize.  The  important  problem  is  to  obtain  the  suitable  form  of  crystals. 
This  crystalline  form  should  be  providing  an  effective  utilization  of  nitroguanidine 
as  an  individual  explosive  or  component  of  explosive  mixtures. 

This  paper  describes  the  results  of  investigation  of  nitroguanidine  crystallization 
in  order  to  attain  spherical  crystals.  Such  the  form  of  nitroguanidine  was  obtained, 
and  plastic  bonded  explosives  (PBX)  containing  spherical  NGU  were  made. 

We  tested  sensitivity  to  mechanical  stresses  of  two  kinds  of  plastic  bonded  explosives. 
The  first  kind  of  PBX  contained  the  nitroguanidine  after  crystallization  from  water  -  such  the 
crystals  of  NGU  have  not  spherical  shape.  The  second  kind  of  PBX  contained  the  spherical 
crystals  of  nitroguanidine.  The  influence  of  the  crystal  form  on  mechanical  stresses 
was  researched. 
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2. 


MATERIALS  AND  METHODS 


2.1  Properties  of  nitroguanidine 

Nitroguanidine  is  white  crystalline  substance,  it  exists  in  two  crystalline  forms 
a  (thin  needles),  (3  (elongated  plates).  The  water  solubility  of  these  forms  is  different. 
At  25°C  and  100°C  the  solubility  of  the  a  form  is  4,4  g/dm3  and  82,5  g/dm3.  Between  these 
temperatures  the  f3  form  appears  to  be  more  soluble.  The  solubility  of  nitroguanidine 
in  popular  organic  solvents  i.e.  acetone,  methyl  and  ethyl  alcohols,  ethyl  acetate,  ether, 
carbon  tetrachloride,  toluene,  is  limited.  The  melting  point  of  nitroguanidine  is  246°C  ,4,5'. 

After  crystallization  of  nitroguanidine  from  water  we  obtained  crystals  in  the  form  of 
needles.  Bulk  density  of  this  NGU  type  is  about  0,2  g/cm3  Therefore  the  a  form  did  not  find 
any  practical  applications  as  an  individual  explosive  or  a  component  of  explosive  mixtures. 
Crystals  of  NGU  after  crystallization  from  water  are  shown  in  Fig.  1.  The  methods  of  NGU 
crystallizations  are  described  ,6,7'. 


Fig  1.  NGU  crystals  obtained  after  crystallization  from  water 

2.2  Methods 

In  order  to  obtain  the  desirable  crystalline  form  of  nitroguanidine  we  carried  out  several 
experiments  of  crystallization.  As  solvents  we  used  ethylene  glycol,  and 
N,N-dimethylforamide.  The  solubility  (in  20°C)  of  nitroguanidine  in  these  solvents  is  shown 
below: 

Ethyleneglycol  1,1%  N,N-dimethylforamide  12,2% 

Example  1 

The  mixture  consisted  of  nitroguanidine  and  ethylene  glycol  in  weight  ratio  1:22 
was  gradually  heated  to  95°C.  The  mixture  was  stirred  about  1000  rpm.  Then  the  solution 
was  gradually  cooled  to  20°C  (cooling  rate  3°C/min).  Then,  the  solution  was  leaved  for 
twenty  four  hours  (without  stirring).  Next,  the  nitroguanidine  was  filtered  and  washed  with 
acetone. 
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Example  2 

The  mixture  consisted  of  nitroguanidine  and  N,N-dimethylforamide  in  weight  ratio  1:4 
was  gradually  heated  to  85°C.  The  mixture  was  stirred  about  1000  rpm.  Then  the  solution 
was  gradually  cooled  to  5°C  (cooling  rate  20°C/min).  Then,  the  solution  was  stirred  for  two 
hours.  Next,  the  nitroguanidine  was  filtered  and  washed  with  acetone. 

Then  we  tested  sensitivity  to  impact  and  friction  of  plastic  bonded  explosives  based  on 
needle  and  spherical  form  of  nitroguanidine.  The  impact  sensitivity  of  explosives  was 
investigated  using  the  drop  weight  apparatus.  The  friction  sensitivity  of  explosives  was 
investigated  by  Peters  apparatus. 

The  samples  of  PBX  consisted  of  an  explosive  and  a  binder.  As  an  explosive  component 
we  used  mixture  of  hexogene  and  nitroguanidine  in  a  different  proportion.  The  plastic  binder 
consisted  of  butadiene-styrene  copolymer,  dioctyl  adipate  and  oil. 

3.  RESULTS 

3.1  Nitroguanidine  crystallization 

The  process  of  nitroguanidine  crystallization  from  its  solution  in  ethylene  glycol 
produced  the  final  product  in  the  form  of  oblong  plates.  This  shape  of  crystals  is  better  to  any 
practical  applications  than  the  needle  form  of  NGU,  which  can  be  obtained  after 
crystallization  of  nitroguanidine  from  water.  Grain  size  analysis  is  presented  in  Fig.  2  and 
crystals  of  NGU  are  shown  in  Fig.  3. Because  spherical  form  of  crystal  is  the  best  to  effective 
utilization  of  explosive,  therefore  we  carried  out  crystallization  of  nitroguanidine  from 
N,N-dimethylforamide . 


Fig  2.  Particle  size  distribution  of  NGU  after  crystallization  from  ethylene  glycol 
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Fig  3.  Crystals  of  NGU  after  crystallization  from  ethylene  glycol 


The  crystallization  of  nitro guanidine  from  its  solution  in  N,N-dimethylforamide 
produced  the  final  product  in  the  form  of  spherical  crystals.  The  particle  size  distribution 
of  them  is  shown  in  Fig.  4  and  the  shape  of  crystals  is  presented  in  Fig.  5. 

The  spherical  crystals  were  obtained,  and  that  is  why  bulk  density  of  NGU  increased. 
Bulk  density  of  NGU  after  crystallization  from  water  and  N,N-dimethylforamide  is  shown 
below: 

Bulk  density  of  NGU  after  crystallization  from  water  0,17  g/cm 

Bulk  density  of  NGU  after  crystallization  from  N,N-dimethylforamide  0,59  g/cm 


Particle  diameter[|rm] 


Fig  4.  Particle  size  distribution  NGU  after  crystallization  from  N,N- 
dimethylforamide 
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Fig  5.  Crystals  of  NGU  after  crystallization  from  N,N-dimethylforamide 


3.2  PBX  containing  needle  form  of  nitroguanidine 

Samples  of  PBX  containing  needle  crystals  of  NGU  were  made.  The  explosive  content 
was  84%  with  a  different  quantity  of  NGU  increasing  with  the  decrease  of  RDX  amount. 
The  content  of  the  binder  was  the  same  for  all  samples,  and  its  composition  is  shown  below: 

butadiene-styrenecopolymer  30  % 

dioctyl  adipate  60% 

oil  10% 

Density  of  PBX  is  presented  in  Tab.  1 .  The  results  of  impact  sensitivity  test  and  friction 
sensitivity  test  are  shown  in  Tab.  2. 

The  density  of  these  samples  decreases  with  growth  of  nitroguanidine  content. 

Additive  of  nitroguanidine  reduces  the  sensitivity  of  sample  to  impact.  The  PBX  of  60  % 
NGU  content  causes  the  decrease  of  sensitivity  to  impact  from  29,4  to  34,3  Nm.  For  the 
content  of  80  %  NGU  the  sensitivity  to  impact  is  49, 1  Nm.  The  lowest  sensitivity  value  was 
obtained  for  the  samples  of  100  %  nitroguanidine  as  explosive  component. 

There  are  no  evident  changes  in  sensitivity  to  friction  for  all  the  samples. 
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Table  1.  Density  of  PBX  containing  needle  form  of  NGU 


Content 

84  %  Explosive 

16  %  Binder 

Density 

[g/cm3] 

0  %  NGU,  100  %  RDX 

1,43 

20%  NGU,  80  %  RDX 

1,30 

40  %  NGU,  60  %  RDX 

1,24 

60  %  NGU,  40  %  RDX 

U4 

80  %  NGU,  20  %  RDX 

1,08 

100  %  NGU,  0  %  RDX 

0,94 

Table  2.  Sensitivity  to  impact  and  friction  PBX  containing  needle  form  of  NGU 


Content 

84  %  Explosive 

16  %  Binder 

Impact 

Sensitivity* 

[Nm] 

Impact 

Sensitivity** 

[Nm] 

Friction 

Sensitivity* 

[N1 

Friction 

Sensitivity** 

[N] 

0  %  NGU,  100  %  RDX 

29,4 

24,5 

>353 

>353 

20%  NGU,  80  %  RDX 

29,4 

24,5 

>353 

>353 

40  %  NGU,  60  %  RDX 

29,4 

24,5 

>353 

>353 

60  %  NGU,  40  %  RDX 

34,3 

29,4 

>353 

>353 

80  %  NGU,  20  %  RDX 

49,1 

39,2 

>353 

>353 

100  %  NGU,  0  %  RDX 

>49,1 

>49,1 

>353 

>353 

*  min.  1  decomposition  at  6  samples 

*  *  no  decomposition  at  6  samples 


3.3  PBX  containing  spherical  form  of  nitroguanidine 

Density  of  PBX  is  presented  in  Tab.  3.  The  results  of  impact  sensitivity  test  and  friction 
sensitivity  test  are  shown  in  Tab.  4. 

The  density  of  samples  containing  the  spherical  crystals  falls  with  growth  of 
nitroguanidine  content. 

The  results  of  researches  show  the  decrease  of  sensitivity  to  impact  with  the  increase  of 
nitroguanidine  content.  The  PBX  of  60  %  NGU  content  causes  the  decrease  of  sensitivity  to 
impact  from  29,4  to  34,3  Nm.  For  the  content  of  80  %  NGU  the  sensitivity  to  impact  is 
49,1  Nm.  The  lowest  sensitivity  value  was  obtained  for  the  samples  of  100  %  nitroguanidine 
as  explosive  component. 

There  are  no  evident  changes  in  sensitivity  to  friction  for  all  the  samples. 
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Table  3.  Density  of  PBX  containing  spherical  form  ofNGU 


Content 

84  %  Explosive 

16  %  Binder 

Density 

[g/cm3] 

0  %  NGU,  100  %  RDX 

1,43 

20%  NGU,  80  %  RDX 

1,41 

40  %  NGU,  60  %  RDX 

1,36 

60  %  NGU,  40  %  RDX 

1,25 

80  %  NGU,  20  %  RDX 

1,20 

100  %  NGU,  0  %  RDX 

1,11 

Table  4.  Sensitivity  to  impact  and  friction  PBX  containing  spherical  form  ofNGU 


Content 

84  %  Explosive 

16  %  Binder 

Impact 

Sensitivity* 

[Nml 

Impact 

Sensitivity** 

[Nml 

Friction 

Sensitivity* 

[N1 

Friction 

Sensitivity** 

[N1 

0  %  NGU,  100  %  RDX 

29,4 

24,5 

>353 

>353 

20%  NGU,  80  %  RDX 

34,3 

29,4 

>353 

>353 

40  %  NGU,  60  %  RDX 

34,3 

29,4 

>353 

>353 

60  %  NGU,  40  %  RDX 

34,3 

29,4 

>353 

>353 

80  %  NGU,  20  %  RDX 

49,1 

39,2 

>353 

>353 

100  %  NGU,  0  %  RDX 

>49,1 

>49,1 

>353 

>353 

*  min.  1  decomposition  at  6  samples 

*  *  no  decomposition  at  6  samples 
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4. 


SUMMARY 


The  process  of  nitro guanidine  crystallization  from  its  solution  in  N,N-dimethylforamide 
allowed  to  obtain  the  spherical  form  crystals  of  product.  The  treble  increase  of  bulk  density 
of  nitroguanidine  was  obtained. 

The  growth  of  nitroguanidine  contents  generated  the  decrease  of  sensitivity  to  impact 
of  PBX.  There  was  no  influence  of  the  crystalline  form  of  nitroguanidine  and  its  content  in 
PBX  formulation  on  sensitivity  to  friction  of  investigated  PBX.  The  spherical  crystals  of 
NGU  allowed  to  obtain  the  growth  of  PBX  densities. 

The  comparison  of  PBX  formulation  containing  two  types  of  nitroguanidine  crystals 
showed  that  the  PBX  containing  20%  -  40%  of  spherical  crystalline  NGU  had  lower 
sensitivity  to  impact  than  corresponding  PBX  based  on  needle  crystalline  NGU.  For  the 
needle  form  of  nitroguanidine  crystals  the  reduction  of  PBX  sensitivity  to  impact  was 
obtained  in  the  case  of  60%  of  NGU  content. 
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Adstract: 

Detonation  failure  diameter  dfof  mixtures  of  six  aromatic  Nitrocompounds  with 
nitric  acid  has  been  examined  in  the  framework  of  A.Dremin  theory.  Shock  and 
detonation  parameters  as  well  as  characteristics  (P  3,  T3  and  13)  of  the  reaction 
zone  to  determine  reinitiation  of  detonation  wave  at  low  diameters  of  the  charge 
were  calculated  by  means  of  SGKR  computer  package.  According  to  our 
calculations  maximum  of  T.  values  was  fixed  at  the  concentrations  of  nitric  acid 
corresponding  to  the  minimum  of  df.  Effective  values  of  kinetic  parameters  of 
reaction  between  nitric  acid  and  Nitrocompounds  are  defined. 

Keywords:  detonation,  kinetic,  failure,  nitric  acid,  nitrocompound 


1.  INTRODUCTION 

Liquid  mixtures  of  nitric  acid  (NA)  with  organic  substances  are  used  in  technology  of 
Nitrocompounds  and  related  substances.  Detonation  failure  diameter  data  of  the  solutions  of 
Nitrocompounds  in  strong  nitric  acid  were  reported  in  ,1_  \ 

The  failure  and  reinitiating  of  the  chemical  reaction  at  detonation  occur  in  the  so-called 
zone  three  according  to  the  Failure  diameter  theory  of  Dremin  ,4’  51 ,  which  is  the  foundation 
for  calculation  of  the  temperature  (T3),  pressure  (P3)  reaction  time  (13)  in  this  zone.  Earlier 
this  theory  has  been  used  to  calculate  the  df  values  of  liquid  substances:  nitromethane, 
trinitrotoluene,  and  nitroesters  16-91 .  Later  the  kinetic  parameters  of  detonation  reactions  in 
sulfuric  acid  solutions  of  NM  and  TNT  have  been  defined  1101 .  The  kinetic  parameters  of 
detonation  reactions  in  mixtures  of  ethyleneglycoldinitrate  (NGL)  and  nitroglycerine  (NG) 
with  diethyleneglycoldinitrate  (DGDN),  propylnitrate  (PN),  methanol  have  been  calculated 
in  [1’  ].A11  the  results  were  explained  in  the  light  of  homogeneous  thermal  explosion  theory 
for  monomolekular  reaction.  The  results  of  the  calculations  revealed  that  values  of  E=140- 
160  kJ/mol  and  lg  k0=  13,5-14,5  (s’1)  at  detonation  of  the  systems  based  on  nitroesters  was 
closed  to  the  data  obtained  previously  in  the  course  of  investigation  of  slow  decomposition 
of  these  substances. 

The  kinetics  and  mechanisms  of  chemical  reactions  in  detonation  wave  of  NGL,  DGDN, 
and  acetic  anhydride  solutions  (AC A)  in  nitric  acid  have  been  studied  in  works  ,13’ 141 .  In  all 
of  these  cases  formation  and  consequent  decomposition  of  a  complex  or  a  compound 
between  NA  and  fuel  were  assumed  to  be  the  leading  chemical  processes  in  detonation 
wave.  Composition  of  the  complex  in  the  case  of  NGL  is  [2NGL-HN03]  and  in  the  case  of 
DGDN  is  [DGDN  HNO3].  The  system  of  ACA-NA  comprises  more  complicated  case  in 
chemical  sense.  A  compound  produced  at  a  reaction  between  ACA  and  NA  is  supposed  to 
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have  slightly  indefinite  composition,  at  least  in  the  limits  of  the  concentrations  of  the  ACA- 
NA  mixtures  investigated,  from  %  to  %.  Most  probable  it  is  acetylnitrate  and  the  kinetic 
constants  of  the  decomposition  reaction  derived  from  the  experimental  data  corresponding  to 
velocity  of  decomposition  of  the  substance  in  detonation  wave. 

The  main  purpose  of  this  work  is  to  estimate  overall  kinetic  parameters  of  reactions  in 
detonation  wave  of  aromatic  Nitrocompounds  solutions  in  NA.  Detonation  failure  diameter 
data  of  Nitrobenzene  (NB),  1,3 -Dinitrobenzene  (DNB),  1,3,5  -trinitrobenzene  (TNB),  para- 
Nitrotoluene  (MNT),  2.4-Dinitritoluene  (DNT)  and  2,4,6-Trinitrotoluene  (TNT)  solutions  in 
NA  are  reported  in  this  seminar  flS|. 

Shock  and  detonation  parameters  as  well  as  characteristics  of  the  reaction  zone  defining 
the  process  of  reinitiating  of  detonation  wave  in  the  zone  of  instability  were  calculated  by 
means  of  SGKR  computer  Code  (Shock  and  Detonation  General  Kinetic  and 
Thermodynamics  in  Reactive  Systems  computer  package)  developed  in  our  Laboratory 
previously  ,16'. 

It  was  proposed  that  decomposition  of  NA  solutions  in  detonation  wave  included  only 
one  bimolecular  reaction.  The  effective  values  of  kinetic  parameters  of  detonation  reactions 
in  every  solution  were  defined. 

2.  RESULTS  OF  CALCULATION 

The  detonation  parameters:  velocity  (D),  pressure  (pCj)  and  explosion  heat  (Qv)  of 
mixtures  were  computed  by  means  of  the  Steady  State  Detonation  (SD)  Code  1161 .  Shock 
parameters  and  characteristics  (pressure  P3,  temperature  T3  and  reaction  time  13)  of  the 
reaction  zone  defining  the  process  of  reinitiating  of  detonation  wave  in  the  zone  of  instability 
were  calculated  by  means  of  SWDK  Code  fn|.  Input  data  in  this  case  were  experimental 
dependencies  df(CNA)  of  the  mixtures  and  the  results  of  calculations  by  means  of  the  SD 
Codes. 

The  pressure  P3  arises  with  increasing  of  the  pressure  pCj  (Fig  1).  The  correlation 
between  pCj  and  P3  is  found  to  be  a  general  linear  function  for  all  the  systems  under 
investigation: 


p3  =  0.49  pCj  +  1.392 


(1) 


The  T3  value  is  defined  by  shock  temperature  dependence  T(p)  at  the  correspondent 
value  of  P3  for  every  mixture.  The  dependencies  T3  versus  concentration  of  NA  in  solutions 
are  shown  in  Fig.2.  According  to  calculation  maximum  of  T3  values  was  fixed  at  the 
concentrations  of  the  NA  corresponding  to  point  dfmm. 

A  shape  of  calculated  dependencies  T3(Cna)  (Fig  3)  is  similar  to  a  shape  of  experimental 
curves  df(CNA)  of  NA  mixtures  with  aromatic  nitrocompounds.  Calculated  dependencies 
df(i3)  of  all  mixtures  under  investigation  are  described  by  the  general  linear  function: 


df  =  33.64  13-0.0163 
where  df  in  mm,  T3  in  mcs. 


(2) 


615 


Fig  1.  The  calculated  pressure 
P3  vs.  pCj  for  solutions 
on  the  base  nitric  acid. 

Line  corresponds  to  general 
eq.  (1). 


Fig  2.  The  dependencies 

of  temperature  T3  vs.  Cna 
for  mixtures  NA-TNT  (1), 
NA-DNT(2)  and  NA-MNT 
(3). 


Fig  3.  The  dependencies 

of  reaction  time  13  vs.  Cna 
for  mixtures  NA-TNT  (1), 
NA-DNT  (2)  and  NA-MNT 

(3). 
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The  experimental  data  of  dfmm  and  calculated  values  of,  P3,  T3  and  13  for  all  systems 
under  investigation  are  collected  in  Table  1.  The  data  of  Table  1  show  a  common  tendency: 
decrease  of  experimental  dfmm  values  coincides  with  a  rise  of  calculated  T3  values 
correspondingly  to  increasing  of  number  of  groups  NO2  in  molecule. 

Table  1.  The  failure  detonation  diameter  (dmn)  and  characteristics  of  the  reaction 
zone  defining  the  process  of  reinitiation  of  detonation  wave  (p3,  T3,  13) 
ofNA-Nitrocompound  mixtures 


Nitrocompound 

dfmin,  mm 

P3,  GPa 

t3,k 

X3,  mcs 

NB 

0,18 

9 

820 

0,0060 

DNB 

0,16 

10,52 

871 

0,0056 

TNB 

0,10 

10,10 

899 

0,0031 

MNT 

0,49 

9,14 

780 

0,0150 

DNT 

0,18 

9,33 

836 

0,0056 

TNT 

0,12 

10,75 

880 

0,0040 

Bimolecular  reaction  between  NA  and  Nitrocompound  was  supposed  to  be  most 
probable  at  detonation  of  NA  solutions.  The  interrelation  of  T3,  T3  and  chemical  kinetics  for 
bimolecular  reaction  should  be  described  with  the  equation: 


cv-R-TjCnc 
Qv  '  E a  ‘  KC,,cCn 


exp(Ea/RT3) 


(3) 


where  Ea  is  activation  energy,  ko  is  pre-exponent  factor,  cv  is  specific  heat  of  solution, 
Cnc  and  Cn  are  concentrations  of  Nitrocompound  and  HNO3  in  solution,  mol/1,  R  is  universal 
gas  constant. 

Equation  (3)  could  be  transformed  into  another  expression: 


\nZ  =  \nA  +  -^L- 
RT3 

where 

Z  =  t3Q„C„JtP,  A  =  R/(EM 


(4) 


Calculated  values  of  Z  and  T3  of  NA  mixtures  with  aromatic  Nitrocompounds  are 
plotted  in  Arrhenius  coordinates  (Fig.4).  Points  were  fitted  by  a  linear  function.  The  slop  of 
these  lines  gives  activation  energy  Ea.  Calculated  kinetic  parameters  of  detonation  reactions 
in  NA  solutions  are  represented  in  Table.2. 
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Fig  4.  Treatment  of  experimental 
data  df  of  mixtures  NA-TNB 
(1),  NA-TNT  (2), 

-1  and  NA-MNT  (3)  in 

1 .5  Arrhenius  coordinates. 


Table  2.  Calculated  kinetic  parameters  of  detonation  reactions 
in  NA-Nitrocompound  solutions 


Nitrocompound 

aCna, 

% 

Kinetic  parameters 

Ea, 

kJ/mol 

logko, 

l/(mol-s) 

NB 

42-80 

-100 

11,6 

DNB 

40-75 

135 

13,5 

TNB 

50-65 

169 

15,2 

MNT 

50-85 

128 

13,4 

DNT 

65-85 

127 

13,2 

TNT 

49-79 

132 

13,2 

3.  DISCUSSION 

Comparison  experimental  df  data  of  NA  solutions  shown,  that  composition  of 
Nitrocompound  influences  on  the  value  dfmin.  Our  calculations  explain  this  fact.  Increase  in 
the  number  of  groups  NO2  in  molecule  leads  to  rise  of  shock  temperature  T3  on  reaction  zone 
and  decrease  reaction  time  and  df. 

The  dependencies  df(CNA)  for  mixtures  containing  40-50%  NA  and  more  are  described 
by  second  order  kinetic  equation.  The  activation  energy  of  decomposition  of  the  mixtures 
NA  with  MNT,  DNT,  TNT  and  DNB  is  about  Ea=  130  kJ/mol,  and  the  pre-exponent  factor 
is  about  k0  =  10  sec'  .  The  activation  energy  of  reaction  between  NA  and  NB  in  detonation 
wave  is  Ea  ~100  kJ/mol  and  the  pre-exponent  factor  is  k0  ~10  “  s'  .  The  highest  value  of  Ea 
(170  kJ/mol)  for  mixture  NA  with  TNB  was  found. 

Comparison  of  the  kinetic  constants  vs.  I/T3  for  all  systems  under  investigation  are 
shown  in  Fig. 5.  The  dependencies  k(l/T)  for  mixtures  NA  with  NB,  MNT  and  DNT  are 
closed  with  each  other.  The  constants  of  reaction  rate  for  mixtures  NA  with  DNB  and  TNT 
are  more,  than  foregoing.  The  least  values  of  reaction  rate  constant  for  mixture  NA-TNB  was 
found. 
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Fig  5.  The  dependencies 

of  kinetic  constants  vs. 

I/T3  for  mixtures  NA-TNB 
(1),  NA-TNT  (2),  NA- 
DNB  (3),  NA-DNT  (4), 
NA-MNT  (5)  and  NA-NB 
(6). 


4.  CONCLUSIONS 

Detonation  reactions  in  the  mixtures  of  nitric  acid  with  six  aromatic  Nitrocompounds 
were  considered  in  terms  of  A.  Dremin’s  theory  by  means  of  the  SGKR  computer  Code. 
According  to  our  calculations  maximum  of  T3  values  was  fixed  at  the  concentrations  of  nitric 
acid  corresponding  to  the  df  minimum.  All  the  results  are  explained  in  the  light  of 
homogeneous  thermal  explosion  theory  for  bimolekular  reaction.  Effective  values  of  kinetic 
parameters  of  reaction  between  nitric  acid  and  Nitrocompounds  are  defined.  There  is  shown, 
that  constant  of  reaction  rate  in  detonation  wave  decreases  correspondingly  to  increase  in  the 
number  of  groups  NCE  in  molecule. 
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Abstract: 

A  thermal  decomposition  reaction  in  nitrocellulose,  which  is  the  basic  component 
of  homogeneous  propellants,  limits  the  safe  use  and  safe  storage  time  of  propellants. 
Under  certain  conditions  the  decomposition  may  lead  to  the  well-known  phenomenon 
of  self-ignition. 

In  order  to  be  able  predict  the  shelf-life  and  thermal  hazard  poten  tial  of  propellan  ts  it  is 
of  vital  importance  to  know  a  true  decomposition  mechanism  and  true  vales  of  kinetic 
constants. 

In  this  work  we  have  studied  decomposition  kinetics  of  nitrocellulose  propellant  during 
the  initial  decomposition  stage  (up  to  2  %  mass  loss)  at  elevated  temperatures  ranging 
from  80  to  100  °C.  The  kinetic  results  were  derived  from  sample  mass  loss¬ 
time/temperature.  It  was  found  out  that  the  activation  energy  for  this  decomposition 
stage  equals  123.4  kJ/mol,  and  pre-exponential  factor  1.78-106  1/s.  Also,  it  was  found 
out,  on  the  basis  of  the  kinetic  data  obtained,  that  the  reaction  rate  accelerating  factor 
changes  with  temperature  - from  ~3  at  90-100  °C  temperature  range  to  about  5.5  at  the 
room  temperatures. 

Keywords:  nitrocellulose  propellants,  kinetics,  decomposition,  activation  energy 


1.  INTRODUCTION 

Because  of  the  wide  use  and  practical  importance  of  nitrocellulose  (NC),  its  degradation 
mechanism  and  kinetics  have  been  the  subject  of  numerous  investigations  ^'12\  From  a 
practical  point  of  view,  the  most  important  reasons  for  it  lie  in  the  fact  that  the  rate  of 
thermal  decomposition  affects  quality  and  service  life  of  propellants,  as  well  as  thermal 
hazard  potential. 

Nitrocellulose,  like  other  nitric  esters,  is  sensitive  to  thermal  stress  due  to  the  low 
binding  energy  of  the  CO-NCF  bond  (155  -  163  kJ/mol).  The  CO-NO?  bonds  in  nitric  ester 
can  be  split  easily  thermally  (thermolysis)  even  at  moderately  high  temperatratres  (>  40  °C). 
For  comparison,  the  typical  values  of  C-H  bonds  are  414  kJ/mol,  and  of  C-C  bond  344 
kJ/mol [12]. 

The  homolytic  splitting  of  CO-NO?  bond  produces  the  very  reactive  NO2  radicals,  a 
strong  oxidising  agent.  It  reacts  with  the  cellulose  backbone  of  the  nitrocellulose,  resulting  in 
an  opening  of  the  anhydridoglucopyranose  ring.  The  oxidative -radical  consecutive  reactions 
and  splitting  off  of  stable  molecular  units  separate  the  polymer  chain  through  the 
decomposition  of  at  least  one  chain  element,  resulting  in  NC  molar  mass  decrease. 

A  simplified  reaction  scheme  of  NC  decomposition  may  contain  two  reaction  paths:  one 
is  the  thermolysis  of  CONO2  groups,  which  means  a  homolytic  cleavage  of  the  CO-NO2 
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bond  in  which  two  radicals  are  formed  with  an  activation  energy  of  about  160  -  170  kJ/mol, 
and  the  other  path  is  the  hydrolysis  of  CONO2  groups,  which  has  an  activation  energy  of 
about  100  kJ/mol ,12'. 

The  degradation  process  may  be  slowed  down  through  the  chemical  trapping  of  the 
NO/NO2  molecules  by  adding  a  stabiliser.  Diphenylamine  (DP A)  is  normaly  used  as  a 
stabiliser  for  nitrocellulose  propellants.  It  prevents  the  decomposition  of  NC  by  chemically 
bonding  with  the  autocatalytically  effective  NO2  and  HNO3  -  reaction  products  of  the  NC 
decomposition.  The  reaction  of  DPA  with  NO2  forms  consecutive  products  of  DPA,  which 
have  stabilising  effect  too,  and  are  named  secondary  stabilisers.  The  important  ones  are:  N- 
NO-DPA,  2-NO2-DPA,  4-NO2-DPA,  and  dinitrated  products  -2NO2-DPA. 

A  number  of  investigators  have  stressed  that  a  true  decomposition  mechanism  and  true 
kinetic  constants  should  be  known  in  order  to  be  able  to  predict  with  required  accuracy  the 
shelf-life  and  thermal  hazard  potential  of  any  explosive  material  f2'9'.  The  application  of  an 
inaccurate  decomposition  model  and  inaccurate  values  of  Arrhenius  kinetic  constants  in  the 
calculation  of  the  thermal  hazard  potential  of  an  explosive  may  result  in  highly  uncertain  and 
unusable  data  on  critical  conditions  of  the  self-ignition  and  on  the  shelf-life f13'181. 

In  order  to  determine  Arrhenius  kinetic  constants  as  accurately  as  possible  various 
experimental  techniques  and  testing  conditions  have  been  used  by  different  investigators. 
Also,  various  kinetic  approaches  and  data  treatment  procedures  have  been  applied,  resulting 
sometimes  in  considerable  disagreement  in  the  values  of  the  kinetic  parameters  for  NC 
propellants  reported  in  literature  -  from  about  120  to  210  kJ/mol f1"121. 

In  this  work  we  have  studied  kinetics  of  the  initial  stage  decomposition  stage  of 
nitrocellulose  propellant  under  elevated  temperature  conditions  (80  -  100  °C). 

2.  EXPERIMENTAL 

Experiments  were  carried  out  using  nitrocellulose  propellant  samples.  The  samples  of 
nitrocellulose  propellant  were  cut  to  small  grains  having  mass  less  than  5  mg.  Than,  the 
samples  weighing  10  g  were  put  in  glass  vessels  having  volume  of  100  cm  ,  and  subjected  to 
five  different  elevated  temperatures:  80,  85,  90,  95  and  100  °C. 

The  samples  were  taken  periodically  and  weighted  in  order  to  follow  changes  in  sample 
mass  as  a  function  of  time  and  temperatures. 

3.  RESULTS  AND  DISCUSSION 

The  change  in  mass  of  nitrocellulose  samples  after  predetermined  period  of  heating  at 
different  temperatures  was  recorded  every  day.  Table  1  shows  loss  in  samples  mass  data  as  a 
function  of  temperature  and  time. 

It  should  be  noted  that  the  heating  of  samples  was  terminated  after  an  appearance  of  the 
red-brown  fumes  indicating  beginning  of  intensive  autocatalytic  reactions.  For  example,  it 
occurs  after  7  days  at  100  °C,  after  15  days  at  90  °C,  etc. 
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Table  1.  Mass  loss  of  nitrocellulose  propellant  samples 
at  80,  85,  90,  95  and  100  °C 


days 

U 

o 

On 

VO 

o 

o 

o 

U 

o 

IT) 

OO 

80  °C 

1/24  (1  h) 

0.66 

0.47 

0.23 

0.15 

0.07 

1 

1.1684 

0.7608 

0.5394 

0.4790 

0.3940 

2 

1.3353 

1.1394 

0.9652 

0.6800 

0.5330 

3 

1.5282 

1.2902 

1.0682 

0.8390 

0.7500 

4 

1.6531 

1.4437 

1.1683 

0.8910 

0.7860 

5 

1.7711 

1.5134 

1.2787 

1.0090 

0.8270 

6 

1.8780 

1.5917 

1.3408 

1.0590 

0.8450 

7 

2.0150 

1.6997 

1.4326 

1.1180 

0.8970 

8 

1.7465 

1.4886 

1.1580 

0.9350 

9 

1.7854 

1.5392 

1.2120 

0.9650 

10 

1.8052 

1.6080 

1.2540 

1.0290 

11 

1.8539 

1.6519 

1.2830 

1.0691 

12 

1.8813 

1.6995 

1.3450 

1.0971 

13 

1.9170 

1.7118 

1.3590 

1.1121 

14 

1.9544 

1.7347 

1.3910 

1.1511 

15 

1.9878 

1.7806 

1.4040 

1.1801 

16 

1.8055 

1.4170 

1.1881 

17 

1.4290 

1.2121 

18 

1.4480 

1.2251 

19 

1.4630 

1.2321 

20 

1.4720 

1.2481 

21 

1.2611 

22 

1.2631 

23 

1.2671 

24 

1.2921 

25 

1.2981 

26 

1.3031 

27 

1.3111 

28 

1.3191 

29 

1.3281 

30 

1.3331 

31 

1.3531 

The  results  given  ii 

a  Table  1  are  presented  graphically  as  a  function  of  time  in  Fig.  1 

Fig  1.  Sample  mass  loss  as  a  function  of  time  at  different  temperatures 
(dashed  line  indicates  an  expected  trend  in  sample  mass  loss) 


The  shapes  of  isothermal  curves  given  in  Fig.  1  are  typical  for  initial  decomposition 
stage  for  many  solid  state  reactions  -  high  reaction  rate  at  the  beginning,  an  induction  period 
followed  by  an  accelerated  stage  [19]. 

After  60  minutes  of  heating  at  100  °C,  or  two  days  at  80  °C,  the  sample  mass  loss  was 
~0.6  %.  This  mass  loss  is  due  to  the  water  and  residual  solvent  evaporation.  After  that  period 
an  almost  linear  increase  of  sample  mass  loss  is  visible.  The  sample  mass  loss  during  this 
period  of  heating  corresponds  probably  to  the  liberation  of  low  molecular  mass 
decomposition  product  of  NC,  with  no  autocatalysis. 

The  red-brown  fumes  observed  after  that  period  (e.g.  after  7  days  at  100  °C)  confirm  the 
beginning  of  intensive  autocatalytic  reactions  -  indicated  in  the  Fig.  1  by  dashed  lines.  The 
heating  of  samples  was  terminated  after  appearance  of  the  red-brown  fumes  and  samples 
were  taken  out  of  thermal  unit. 

The  sample  mass  loss  up  to  2  %  corresponds  to  the  initial  stage  of  decomposition  during 
which  low  molecular  decomposition  product  of  NC  liberates,  with  no  autocatalysis.  This 
period  is  very  important  from  practical  point  of  view  because  very  intensive  reactions  of 
stabiliser  depletion  take  place  during  this  period.  An  autocatalytic  decomposition  begins 
after  that  period,  i.e.  after  depletion  of  all  original  stabiliser  and  its  stabilising  nitro- 
derivatives  (Fig.  2). 
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Fig  2.  NC  propellants  conversion  vs.  time  curves  at  different  temperatures  (data 
for  temperatures  above  1 00  °C  are  taken  from  to  Isler  and  Kayser [1]) 

In  order  to  derive  kinetic  constants  ( k ,  E,  and  A)  the  results  given  in  Fig.  1  are  treated  in 
the  following  way.  The  conversion-time  curves  (a  = ft))  for  each  temperature  are  obtained 
applying  the  following  equation: 

m  -  m, 

a  =  — * - L  (1) 

mi 

where  m,  is  initial  sample  mass  and  mt  sample  mass  at  time  t. 

It  was  found  out  by  the  non-linear  regression  analysis  that  the  conversion-time  data  may 
be  described  the  best  by  the  power  law  kinetic  model  given  by  the  following  equation: 

i 

am  =  kt  (2) 

differential  form  of  which  is: 


da  , 

—  =  m  ■  k  ■  a 
dt 


(3) 


where  k  is  the  temperature-dependent  reaction  rate  constant,  t  is  time,  a  is  conversion, 
da/dt  is  rate  of  conversion,  and  m  is  constant. 

It  was  calculated  by  the  non-linear  curve  fitting  that  the  men  value  of  constant  m  in  Eq. 

(2)  and  Eq.  (3)  equals:  m  =0.326  ±  0.012.  The  same  value  of  the  constant  m  indicates  that 
reactions  take  place  according  to  the  same  mechanism  in  the  temperature  range  studied.  The 
rate  constants  at  different  temperatures,  obtained  by  the  non-linear  curve  fitting  procedure  of 
experimentally  obtained  data  in  accordance  with  Eq.  2,  are  given  in  Table  2. 
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Table  2.  Calculated  values  of  rate  constants  at  different  temperatures 


Temperature, 

°C 

k, 

1/s 

r 

In  k 

H-  O 

\  o 

80 

1.054-10'12 

0.9764 

-27.579 

0.002832 

85 

1.621-10’12 

0.9892 

-27.148 

0.002792 

90 

3.398-10’12 

0.9960 

-26.408 

0.002754 

95 

5.079T0"12 

0.9830 

-26.006 

0.002716 

100 

1.001-10'11 

0.9965 

-25.327 

0.002680 

The  activation  energy  and  pre-exponential  factor  are  calculated  from  the  rate  constant- 
reciprocal  temperature  dependence,  according  to  the  Arrhenius  equation  (Fig.  3): 

-E 

k  =  AeRT  (4) 


1/7"  (1/K) 


Fig  3.  Logarithm  of  rate  constant  vs.  reciprocal  temperature  (Arrhenius  plot) 

From  the  slope  of  \n(k)-(\/T)  line  given  in  Fig.  3,  the  activation  energy  was  calculated  to 
be  123.39  kJ/mol,  and  pre-exponential  factor  1 .78*  1 06  1/s. 

The  obtained  value  of  the  activation  energy  is  very  close  to  some  values  reported  in 
literature  that  refer  also  to  the  initial  stage  of  decomposition  (e.g.  to  values  obtained 
microcalorimetrically  ,20,)5  and  at  the  same  time  is  considerably  lower  then  and 
210  kJ/mol 1121 .  This  difference  in  the  activation  energies  indicates  that  decomposition 
mechanism  is  not  the  same  in  the  initial  stage  and  acceleratory  stage  of  decomposition. 

Taking  that  an  autocatalytic  decomposition  of  NC  propellant  begins  after  2%  of  mass 
loss  (as  follows  from  our  experimental  data),  the  kinetic  constants  obtained  can  be  used  to 
predict  times  to  reach  an  autocatalytic  decomposition  at  lower  temperatures.  By  substituting 
a  =  0.02,  and  m  =  0.326  into  Eq.  2,  the  following  equation  was  derived  to  calculate  times  at 
which  sample  mass  loss  will  be  2%  (tom)- 


(  0.02  °-326  l- 


=  t 


0.02 


(5) 
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The  results  of  calculations  are  given  in  Fig.  4.  It  follows  from  Fig.  4  that  that  the  time 
necessary  to  reach  2%  of  mass  loss  equals  42  years  at  40  °C,  204  years  at  30  °C,  etc. 

The  kinetic  results  obtained  were  used  also  for  the  calculation  of  the  reaction  rate 
accelerating  factor  (aio)  as  a  ratio  between  reaction  rates  at  2%  mass  loss  for  two 
temperatures  that  differ  for  10  degrees  (Eq.  3): 


a 


10 


(  0.326-n 

0.326^2  0.02  0326  '  _  k2 


0.326^0.02 


(6) 


where  k\  and  ki  are  the  rate  constants  at  temperatures  73  and  T\.  The  values  of  the 
accelerating  factor  as  a  function  of  temperature  are  given  in  Fig.  4. 


Temperature,  °C 


Fig  4.  Reaction  rate  acceleration  factor  as  a  function  of  temperature 

It  follows  from  Fig.  4  that  accelerating  factor  changes  with  temperature:  from  about  3  to 
about  5.5  at  the  room  temperatures. 

The  times  to  reach  2%  of  mass  loss  at  different  temperatures  are  also  calculated  applying 
frequently  used  equation: 

{T2~TA 

t\  —  ^2^10  10  ' 

where  is  the  time  necessary  to  reach  0.02  conversion  (or  any  other)  at  temperature  73, 
and  t\  is  the  time  to  reach  the  same  conversion  at  temperature  T\.  The  results  of  calculations 
are  presented  in  Fig.  5,  along  with  the  times  calculated  by  Eq.  5. 
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Fig  5.  Calculated  times  to  reach  2  %  mass  loss  as  a  function  of  temperature 

Fig.  5  illustrates  that  the  calculated  times  to  reach  2%  mass  loss  at  lower  temperatures 
depend  strongly  on  equation  applied  (Eq.  5  and  Eq.  7),  as  well  as  on  the  value  of  the 
accelerating  factor  in  Eq.  7.  The  difference  in  the  calculated  times  increases  at  lover 
temperatures.  This  means  that  the  prediction  of  NC  propellant  behaviour  at  the  room 
temperatures  on  the  basis  kinetic  results  obtained  at  higher  temperatures  (in  this  case  80- 
100  °C)  may  lid  to  very  uncertain  data.  This  refers  particularly  to  data  calculated  by  Eq.  7. 

4.  CONCLUSIONS 

The  results  presented  in  the  paper  have  shown  that  the  activation  energy  calculated  for 
initial  stage  of  NC  propellant  decomposition  on  the  basis  mass  loss-time  data  equals  123.39 
kJ/mol.  This  value  is  considerable  lover  than  usually  reported  values  (170-210  kJ/mol),  but 
close  to  values  obtained  by  microcalorimetric  measurements  (120-130  kJ/mol). 

It  was  calculated  on  the  basis  of  kinetic  model  and  values  of  kinetic  constants  that  the 
reaction  rate  accelerating  factor  changes  with  temperature  -  from  about  3  at  high 
temperatures  (90  -  100  °C)  to  about  5.5  at  the  room  temperatures.  This  may  lead  to  very 
uncertain  calculated  times  to  reach  the  same  degree  of  conversions  at  lover  temperatures. 
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Abstract: 

The  Archimedes  principle  was  used  for  the  determination  of  the  relative  density 
of  molten  TNT.  This  method  proves  to  be  practical,  easily  conducted  and  quick, 
providing  reliable  results  with  high  precision  and  sensitivity. 

Keywords:  relative  density,  Archimedes,  TNT 


1.  INTRODUCTION 

Archimedes’s  principle  is  frequently  used  for  the  determination  of  the  relative  density 
(RD)  of  solids,  a  dimensionless  parameter.  It  is  a  rapid  method  providing  reliable  results 
especially  suitable  for  irregular  objects  whose  volume  can  not  be  accurately  determined  by 
other  means.  In  the  explosives  industry  it  is  applied  to  the  determination  of  the  RD  of  high 
explosives  ,  for  instance  TNT  biscuits,  the  solid  samples  normally  supplied  for  quality 
control.  During  casting  processes  the  relative  density  of  the  molten  formulations  is  also  a 
useful  parameter.  Hydrometers  are  mostly  used  for  this  purpose;  however,  due  to  the  relative 
uncertainty  of  their  readings  a  more  accurate  method  was  required.  Investigation  yielded  no 
reference  to  the  use  of  the  Archimedes  technique  for  measurements  at  elevated  temperatures, 
hence  this  study. 

2.  THEORY 

Archimedes’s  Law  deals  with  the  “loss  of  weight”  ()m),  also  known  as  the  buoyant  force 
as  experienced  when  an  object  is  suspended  in  a  liquid  of  lower  RD f2'.  The  law  states  that  in 
this  situation  the  object  experiences  a  loss  of  weight  which  is  equal  to  the  weight  of  the 
volume  of  liquid  displaced  by  the  object. 

Since  weight  is  affected  by  changes  in  gravity,  its  relationship  to  mass  must  be  taken 
into  account.  This  can  be  stated  as: 


Ws  =  Msg  =  VAlg 


(1) 


where  Ws  is  the  weight  of  the  object,  Ms  its  mass  in  air,  g  the  gravity  acceleration,  V  the 
volume  of  the  object,  and  Ai  the  RD  of  the  liquid. 

According  to  the  Archimedes  Law  the  weight  of  the  object  immersed  in  a  liquid  is 
expressed  by: 

W’s  =  M’sg  =  Vg(As  -  AO  (2) 
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where  W’s  is  the  weight  of  the  object  in  the  liquid  and  ps  it’s  RD.  These  two  equations 
can  now  be  combined  with  volume  and  gravity  acceleration  cancelling  out  to  give: 


As  =  Aj/O  -  MV  Ms) 


(3) 


If  the  RD  of  the  metal  at  higher  temperatures  is  known,  equation  (3)  can  be  used  to 
determine  the  RD  of  any  liquid  at  these  temperatures,  for  example  molten  explosives.  Since 
the  composition  of  the  object,  which  may  be  a  metal  or  an  alloy,  as  well  as  its  RD  at  elevated 
temperatures  are  mostly  unknown,  a  temperature/density  curve  must  be  compiled  for  the 
object  by  measuring  its  weight  loss  at  a  series  of  temperatures  in  a  liquid  whose  RD  is 
accurately  known  at  these  temperatures.  Pure  water  is  an  excellent  reference  in  this  respect. 

3.  EXPERIMENTS 

3.1  Apparatus: 


Fig  1.  Experimental  set-up 


A  top  loading  balance  capable  of  weighing  to  three  decimal  places  was  fitted  with  a 
stout  wire  arm  as  illustrated  in  the  diagram.  Prestic  was  used  to  firmly  fix  the  triangular  base 
of  of  the  wire  arm  to  the  balance  pan.  The  object,  a  20g  mass  brass  piece  as  used  with  older 
types  of  balances,  was  used  as  a  “sinker.”  A  thin  strand  of  copper  wire  was  tied  to  the  sinker 
and  connected  to  the  hook  on  the  arm  in  such  a  way  that  the  sinker  was  suspended  when 
lowered  into  the  liquid  contained  in  the  beaker.  Temperatures  were  measured  with  a  Hanna 
HI  9053  thermocouple  digital  temperature  meter  measuring  to  0,1  °C  and  that  was  calibrated 
beforehand. 

3.2  Determination  of  the  RD  of  the  sinker 

The  balance  was  zeroed  after  which  the  suspended  sinker  was  first  weighed  in  air.  It  was 
subsequently  immersed  in  a  beaker  containing  deionised  water  and  the  mass  determined.  The 
results  are  listed  in  Table  1. 

3.3  Determination  of  the  RD  of  the  sinker  at  different  temperatures. 

The  sinker  was  suspended  in  a  beaker  containing  deionised  water  that  was  placed  on  a 
hotplate  fitted  with  a  magnetic  stirrer.  After  heating  to  just  below  the  boiling  point  of  the 
water,  the  water  was  allowed  to  cool  slowly,  the  stirring  only  interrupted  when  a  mass 
reading  and  the  temperature  were  taken.  The  results  are  listed  in  Table  2. 
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3.4 


Determination  of  the  RD  of  molten  TNT 


About  500g  of  commercial  TNT  was  melted  in  a  steam-heated  double  walled  vessel  to 
about  95°C  and  stirred  well  with  a  spatula.  The  sinker  was  inserted  and  left  for  a  few  minutes 
to  heat  up.  The  melt  was  then  allowed  to  cool  down  slowly.  At  various  intervals  the  stirring 
was  stopped  momentarily  and  the  temperature  and  mass  readings  taken.  At  about  8 1  °C  the 
measurements  were  stopped  since  crystallization  commenced  on  the  surfaces  of  the  melt  and 
also  the  copper  wire  and  sinker.  These  results  are  listed  in  Table  2. 

3.5  Determination  of  the  RD  of  molten  RDX  /  TNT 

About  500  g  of  Composition  B,  RDX  /  TNT  (60:40),  as  used  for  the  filling  of  shells,  was 
melted  in  the  steam  pot  and  the  experiment  repeated. 


4.  RESULTS 

4.1  Determination  of  the  RD  of  the  sinker 

Table  1.  Mass  of  sinker  in  air  and  water 

Mass  of  sinker  in  air  (Ms)  20, 1 3  3  .g 

Mass  of  sinker  in  water  (M’s)  17,750  g 

Temperature  of  water  20°C 

RD  of  water  (Ai)  at  20°C  ,3]  0,9982 

As  =  A,  /  (1  -  MVMs)  (3) 

=  0,9982/(1  -  17,750/20,133) 

=  8,431 


4.2  Determination  of  the  RD  of  the  sinker  at  different  temperatures 

Table  2.  Mass  of  suspended  sinker  at  elevated  temperatures 
and  resultant  densities 


°c 

90,0 

86,0 

80,0 

70,0 

63,0 

M’s 

17,827 

17,822 

17,815 

17,810 

■mi 

)m 

2,306 

2,311 

2,318 

2,323 

mm 

Ai 

0,9653 

0,9678 

0,9718 

0,9770 

)m  /Al 

2,390 

2,388 

2,385 

■ml 

As 

8,424 

8,431 

8,442 

8,459 

8,470 

■  The  1st  row  lists  the  various  temperatures  where  readings  were  taken. 

■  The  2nd  row  lists  the  mass  (M’s)  of  the  sinker  at  the  various  temperatures. 

■  The  3rd  row  lists  the  difference  ()m)  between  the  above  mass  and  that  of  sinker 
in  air  (20,133  g). 
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■  The  4th  row  lists  the  relative  density  of  water  (Ai)  at  the  respective 
temperatures  f3'. 

■  The  5th  row  lists  the  volume  of  the  replaced  water  and  hence  the  volume  of  the 
sinker. 

■  The  6th  row  lists  the  RD  of  the  sinker  (As)  at  the  various  temperatures  as 
determined  with  equation  (3). 


The  RD  of  the  sinker  (As)  was  now  plotted  against  temperature  over  the  range  60  °C 
to  100  °C  as  illustrated  in  Graph  1.  From  this  graph  the  RD’s  of  the  sinker  for  all 
intermediate  temperatures  as  used  during  experiment  4.3  could  be  derived. 


Graph  1.  RD  of  the  sinker  at  elevated  temperatures 


4.3  Determination  of  the  RD  of  molten  TNT 
Table  3.  Determination  of  the  RD  of  molten  TNT 


°c 

92,6 

89,5 

88,5 

86,4 

83,1 

81,9 

80,9 

M’s 

16,682 

16,674 

16,671 

16,673 

16,673 

16,677 

16,678 

)m 

3,451 

3,459 

3,462 

3,460 

3,460 

3,456 

3,455 

As 

8,425 

8,427 

8,436 

8,438 

Ai 
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•  The  temperature  at  which  readings  were  taken  is  listed  in  row  1 . 

•  The  mass  of  the  sinker  (M’s)  at  these  temperatures  are  shown  in  row  2. 

•  The  loss  of  weight  ()m)  is  shown  in  the  row  3. 

•  The  RD’s  of  the  sinker  (As)  at  the  corresponding  temperatures  as 
derived  from  Graph  1,  is  shown  in  row  four. 

The  RD  of  TNT  (Ai)  at  the  various  temperatures  as  listed  in  row  five  is  now  calculated  by 
means  of  equation  3  which  can  be  rewritten  as: 

Ai  =  As  (1  -  M’s/Ms)  (4) 

4.4  Determination  of  the  RD  of  RDX  /  TNT 

Since  only  about  4%  of  the  RDX  is  dissolved  in  TNT  with  the  remainder  remaining  as 
a  suspension,  the  latter  tended  to  settle  on  the  sinker  affecting  the  loss  of  weight.  Vigorous 
stirring  was  required  in  order  to  maintain  a  homogeneous  mixture  which  disallowed  accurate 
reading  of  the  mass. 

5.  DISCUSSION 

Measurements  were  taken  whilst  the  liquids  were  cooled,  since  especially  in  the  case  of 
water,  some  bubbles  arising  from  dissolved  air  started  to  form  on  the  sinker  at  temperatures 
as  low  as  60  °C.  This  affected  the  reading. 

At  the  elevated  temperatures  of  between  80  °C  and  90  °C  as  used  during  casting  it  was 
expected  that  the  RD  of  the  molten  TNT  would  change  slightly.  Over  this  range,  however,  it 
was  found  that  the  RD  seemed  to  remain  very  stable  with  an  average  deviation  of  1,449 
±0,003  indicating  a  good  precision  of  0,2  %. 

From  Table  3  it  is  evident  that  there  is  virtually  no  change  in  )m  over  this  particular 
temperature  range.  The  slight  increase  of  RD  of  TNT  is  compensated  for  by  the  slight 
increase  in  volume  of  the  sinker,  hence  the  stable  values.  Due  to  the  presence  of  a  small 
amount  of  wax  in  the  commercial  TNT  used,  the  value  is  slightly  below  that  of  pure  TNT 
which  is  listed  as  1,47  ,4'. 


6.  CONCLUSION 

From  the  results  it  is  evident  that  the  RD  of  molten  solids,  for  instance  TNT,  can  be 
measured  with  great  ease  and  with  a  sensitivity  of  four  significant  figures  if  a  three  decimal 
top-loading  balance  is  used.  Non-homogeneous  mixtures  like  Composition  B  present 
problems  due  to  the  prescence  of  undissolved  crystals. 

The  very  low  average  deviation  indicates  a  precision  that  is  much  better  than  that 
normally  applicable  in  the  explosives  industry  where  the  RD  of  TNT  is  usually  reported  to 
two  decimal  places  only.  This  implies  that  a  two  decimal  balance  would  provide  adequate 
sensitivity. 


634 


Acknowledgements 

The  following  affiliations  are  thanked  for  the  help  and  facilities  provided  during  the 
investigation: 

■  The  Polymer  Institute  of  the  Tswane  University  of  Technology, 
for  experiments  on  molten  waxes. 

■  Naschem,  a  division  of  Denel,  for  experiments  conducted  on  explosives. 


REFERENCES 

[1]  UK  Ministry  of  Defense:  Determination  of  Density  of  High  Explosives,  DEF  STAN  13- 
190/  Issue  1,  29  November  1996. 

[2]  J.  B.  MASON:  Physics  in  the  Modern  World,  Academic  Press,  New  York,  pp  217-8,  ISBN  0- 
12-472277-6,  1976. 

[3]  R.C.  WEAST  and  M.J.  ASTLE:  CRC  Handbook  of  Chemistry  and  Physics,  CRC  Press, 
Florida,  Table  F-l  1.  ISBN  0-8493-0460-8,  1980. 

[4]  R.  MEYER:  Explosives ,  Verlag  Chemie,  Winheim/New  York,  pp  292,  ISBN  3-527-25630-X, 
1977 


635 


COMBUSTION  OF  DINITRAMIDE  SALTS 


V.P.  Sinditskii,  A.I.  Levshenkov,  V.Yu.  Egorshev  and  V.V.  Serushkin 

Mendeleev  University  of  Chemical  Technology, 

9  Miusskaya  Square,  125047,  Moscow,  Russia 


Abstract: 

Burn  rate  studies  have  been  carried  out  on  dinitramide  salts  of  common  formula  of 
L  riHN(N02)2,  (where  n  =  1  or  2;  L  =  methylamine,  trimethylamine,  tret-butylamine, 
tetramethylammonuim,  urea,  guanidine,  amino  guanidine,  triamino  guanidine, 
ethanolamine,  diethanolamine,  ethylenediamine,  hexamethylenediamine,  aniline,  3- 
nitroaniline,  2-toluidine,  benzylamine,  phenylhydrazine,  morpholine,  piperazine, 
pyridine,  3,5-dimethylpyridine,  and  5-aminotetrazole)  as  well  as  lithium  and  barium 
salts  of  dinitramide.  Most  of  the  salts  exhibit  either  combustion  instability  (like  ADN)  or 
a  transition  region  on  their  rb(p)  curves.  The  occurrence  of  this  region  depends  upon  the 
fuel  reactivity  and,  largely,  the  surface  temperature  which  is  assumed  to  be  dissociation 
one  and  dependent  on  the  amine  basicity.  To  disclose  combustion  mechanism,  flame 
structure  of  hexamethylenediamine  dinitramide  (GMDADN)  has  been  investigated  with 
tungsten-rhenium  microthermocouples.  Besides,  burn  rate  study  of  GMDADN  within  a 
wide  initial  temperature  interval  allowed  the  burning  rate  temperature  sensitivity  to  be 
evaluated. 

Keywords:  Combustion,  dinitramide  salts,  burning  rate,  temperature  profile, 

temperature  sensitivity 


1.  INTRODUCTION 

Ammonium  salt  of  dinitramide  (ADN)  is  currently  considered  as  one  of  the  most 

promising  substitute  for  the  main  oxidizer  of  composite  propellants,  ammonium  perchlorate 

(AP).  Unquestionable  advantages  of  ADN  over  AP  manifest  themselves  in  possibility  to 

produce  higher-energy  propellant  compositions  with  no  HC1  in  the  combustion  products, 

what  is  very  important  from  ecological  standpoint.  At  present  a  lot  of  organic  and  inorganic 

[1,2] 

derivatives  of  dinitramide  have  been  synthesized  and  published  .  Study  of  burning 
behavior  of  these  compounds  is  believed  to  allow  revealing  not  only  combustion  mechanism 
of  dinitramide  salts,  their  place  among  other  energetic  materials,  but  also  elucidating 
combustion  peculiarities  of  ADN-based  mixtures  if  being  considered  as  molecular  level 
model  compositions  of  oxidizer-fuel  premixing. 

The  aim  of  the  present  paper  was  to  investigate  thoroughly  the  burning  behavior  of 
organic  and  inorganic  salts  of  dinitramide  (DN)  and  propose  a  relevant  combustion 
mechanism.  The  results  of  earlier  investigations  on  dinitramide  salts  have  been  partly 

presented  at  some  conferences  f  '  \ 
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2.  EXPERIMENTAL 

Sample  Preparation. 

Dinitramide  salts  were  prepared  by  one  of  the  four  general  pathways: 

Scheme  I 

RNH2  +  NH4N3O4  ->  RNH2  •  HN3O4  +  nh3T 

Mixture  of  ADN  with  an  excess  of  amine  (with  or  without  a  solvent)  was  heated  at  60  0  C 
for  4-6  hours  under  vacuum.  The  completion  of  the  reaction  was  determined  by  the  absence 
of  NH4+  cation  in  the  reaction  mixture.  The  residuum  was  washed  and  recrystallized  from  a 
suitable  organic  solvent. 

Scheme  II 

RNH2  •  H2C03  +  NH4N3O4  ->  RNH2  •  HN3O4  +  NH3T  +  co2t  +  h2o 

Equimolar  amounts  of  the  reagents  in  excess  of  iso-propanol  or  ethanol  were  brought  to 
boiling  and  kept  at  this  temperature  until  ammonium  evolution  had  stopped.  After  filtration  a 
major  portion  of  the  solution  was  evaporated,  and  crystals  of  dinitramide  salt  were 
precipitated  upon  cooling. 

Scheme  III 

RNH2  •  HX  +  Ba(N304)2  ->  RNH2  •  HN3O4  +  BaX2^ 

HX  =  1/2  H2S04,  HNO3 

Solid  barium  dinitramide  was  dissolved  in  ethanol  and  treated  with  a  solution  of  amine 
sulfate  in  aqueous  ethanol.  After  separation  of  barium  sulfate  the  resulting  solution  was 
evaporated  until  dry  followed  by  recrystallization  of  the  residue. 

The  metal  and  tetramethylammonium  salts  of  dinitramidic  acid  were  prepared  as 
following: 

Scheme  IV 

MOH  +  NH4N3O4  ->  MN3O4  +  NH3T  +  H20 

Equimolar  amounts  of  ADN  and  MOH  (M  =  Li,  Ba,  Me4N)  in  water  were  heated  to 
boiling  and  kept  for  one  hour,  filtered,  and  evaporated  until  dry. 

ADN  was  twice-recrystallized  from  ethanol  and  used  as  the  starting  material  in  all  the 
preparation  reactions.  The  only  stated  impurity  was  about  0.4  per  cent  by  weight  of 
ammonium  nitrate. 

Physico-chemical  properties  of  dinitramide  salts  studied  are  presented  in  Table  1. 

Burn  Rate  Measurements.  Burn  rate  measurements  were  carried  out  in  a  window 
constant  pressure  bomb  of  1.5  liter  volume.  The  pressure  range  studied  was  0.1-36  MPa. 
A  slit  camera  was  used  to  determine  a  character  of  the  combustion  process  as  well  as  burning 
rate  values. 

The  combustion  strands  were  prepared  by  compacting  the  thoroughly  comminuted 
substances  in  transparent  acrylic  tubes  of  4  or  7  mm  i.d.  at  150-200  MPa. 

Thermocouple  Study.  Temperature  profiles  were  measured  using  thin  tungsten-rhenium 
thermocouples  embedded  in  the  pressed  samples.  The  thermocouples  were  welded  from  25 
pm  diameter  tungsten — 5%  rhenium  and  tungsten — 20%  rhenium  wires  and  rolled  in  bands 
to  obtain  5-7  pm  bead  size.  A  Tektronix  TDS-210  digital  oscilloscope  was  used  to  record  the 
thermocouple  signal.  Calculations  of  adiabatic  combustion  temperatures  were  performed 
using  the  computer  code  REAL  . 
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Table  1.  Preparation  methods  and  physical  properties  of  dinitramide  salts 


Prepa¬ 

Density 

Melting 

Ignition 

Enthalpy 

ration 

of 

point 

point 

of 

Compound 

method 

pressed 

°C 

°C 

formation 

Ref. 

strand, 

(calc.), 

g/cc 

kJ/mol 

Aminoguanidine 

dinitramide 

11 

1.63 

87-88 

205 

-48 

[1] 

5  -  Aminotetrazole 
dinitramide 

III 

1.87 

83-86 

170 

201 

[3] 

Aniline  dinitramide 

III 

1.52 

95-97 

182 

39 

[1] 

Benzylamine  dinitramide 

I 

1.44 

59-61 

- 

-19 

[3] 

Iret-Butylamine 

dinitramide 

I 

1.32 

87-89 

- 

-267 

This 

work 

Diethanolamine 

dinitramide 

I 

1.55 

75-78 

198 

-598 

[3] 

3 , 5  -Dimethy  lpyridine 
dinitramide 

III 

1.41 

70-73 

- 

19 

[3] 

Ethanolamine 

dinitramide 

I 

1.53 

37-39 

175 

-335 

[3] 

Ethylenediamine 

bisdinitramide 

I 

1.78 

129-131 

174 

-209 

[1] 

Guanidine  dinitramide 

II 

1.53 

133-136 

- 

-168 

[1] 

Hexamethylenediamine 

bisdinitramide 

I 

1.40 

89-90 

192 

-154 

[3] 

Methylamine 

dinitramide 

I 

1.53 

43-45 

177 

-121 

[1] 

Morpholine  dinitramide 

I 

1.49 

82-84 

180 

-226 

[3] 

m-Nitroaniline 

dinitramide 

III 

1.61 

101-103 

195 

-9 

[3] 

Phenylhydrazine 

dinitramide 

III 

1.45 

93-95 

206 

+151 

This 

work 

Piperazine  dinitramide 

I 

1.47 

200-205 

- 

-124 

This 

work 

Piperazine 

bisdinitramide 

I 

1.50 

212-214 

215 

-236 

[3] 

Pyridinium  dinitramide 

III 

1.53 

89-91 

- 

+35 

This 

work 

T  etramethylammonuim 
dinitramide 

IV 

1.22 

234-238 

- 

-191 

[1] 

o-Toluidine  dinitramide 

III 

1.43 

70-71 

178 

+6 

[3] 

Triamino  guanidine 
dinitramide 

III 

1.56 

88-90 

210 

+168 

[1] 

Trimethylamine 

dinitramide 

I 

1.28 

128-130 

- 

-90 

[1] 

Urea  dinitramide 

III 

1.70 

96-98 

- 

-346 

[1] 

Barium  bisdinitramide 

IV 

2.70 

- 

- 

-525 

[2] 

Lithium  dinitramide 

IV 

1.96 

164-169 

- 

-238 

[2] 
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3. 


RESULTS  AND  DISCUSSION 


One  of  peculiarities  of  dinitramide-anion  is  known  to  be  the  unique  reaction  of  its 
transformation  to  form  nitrate-anion  and  ^O.16,7,81  Because  of  this  exothermic  reaction  takes 
place,  the  studied  inorganic  dinitramide  salts,  barium  and  lithium,  proved  to  be  capable  of 
self-sustained  burning,  although  they  did  not  contain  any  combustible  elements.  Combustion 
of  these  salts  (Fig  1)  is  accompanied  by  formation  of  large  amounts  of  condensed  products  as 
smoke  and  solid  residue. 


Fig  1.  Effect  of  pressure  on  the  burning  rate  of  inorganic  salts  of  dinitramide 

At  low  pressures,  the  combustion  occurs  without  luminous  flame,  which  however 
appears  as  pressure  grows.  Both  barium  and  lithium  salts  demonstrate  rather  high  burning 
rates  in  the  low-pressure  region,  decreasing  with  pressure.  The  lithium  salts  has  probably  a 
region  of  unstable  burning  characterized  by  a  large  scatter  of  data  points.  The  combustion 
products  of  barium  dinitramide  were  found  to  contain  mainly  barium  nitrate  and  partially 
barium  nitrite  and  oxide.  At  high  pressures,  a  contribution  of  the  gas-phase  exothermic 
decomposition  of  N2O  to  the  heat  balance  probably  increases,  making  for  stable  burning 
again.  Fig  1  presents  also  bum  rate  data  for  potassium  dinitramide  obtained  earlier  by 
A.P.Glazkova  at  Chemical  Physic  Institute  (Moscow). 

Combustion  of  the  organic  salts  under  investigation  at  low  pressures  (less  than  1-2  MPa) 
is  generally  also  accompanied  by  copious  fumes  and  solid  residua  with  no  visible  flame 
observed.  As  the  pressure  increases,  a  luminous  flame  appears  several  millimeters  above  the 
surface,  becoming  more  pronounced  at  pressures  above  10-15  MPa.  The  condensed 
combustion  products  collected  after  burning  at  low  pressure  were  analyzed  to  contain  nitrate 
anion  in  the  composition.  In  particular,  the  condensed  combustion  products  of  guanidine 
dinitramide,  which  unlike  other  salts  were  free  from  resinous  impurities,  were  identified 
with  IR  spectroscopy  as  guanidine  nitrate. 
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Pressure,  MPa 


Fig  2.  Effect  of  pressure  on  the  burning  rate  of  dinitramide  salts 

of  ethylenediamine  (1),  ethanolamine  (2),  and  m-nitroaniline  (3) 

All  the  salts  studied  can  be  divided  into  3  main  groups  according  to  their  burning 
characteristics  (Fig  2):  (1)  dinitramide  salts  which  show  a  transition  region  characterized  by 
the  reduced  pressure  exponent  on  the  rb(p)  curve  in  the  medium  pressure  range.  This  is  the 
most  commonly  encountered  group  which  includes  dinitramide  salts  of  amines  of  both  high 
and  low  basicity;  (2)  salts  which  burning  rate-pressure  dependence  includes  a  region  of 
combustion  instability,  characterized  by  a  significant  scatter  of  burning  rates  in  parallel  tests. 
These  are  salts  of  amines  of  high  basicity,  such  as  benzylamine  and  ethanolamine. 
Methylamine  dinitramide  can  be  probably  placed  into  this  group  as  well,  although  its 
transition  region  is  difficult  to  distinguish,  because  the  salt  is  incapable  of  burning  at  all  in 
the  low-pressure  region;  (3)  salts  which  demonstrate  stable  combustion,  showing  invariant 
pressure  exponent  through  the  whole  pressure  range.  These  includes  salts  of  amines  of  the 
least  basicity:  5-aminotetrazol  and  m-nitroaniline. 

Fig  2  demonstrates  burn  rate  characteristics  for  representatives  of  each  group: 
ethylenediamine  dinitramide  (1st  group),  ethanolamine  dinitramide  (2nd  group)  and  m- 
nitroaniline  dinitramide  (3rd  group). 

To  disclose  the  combustion  mechanism,  the  flame  structure  of  hexamethylenediamine 
bisdinitramide  (GMDADN)  has  been  investigated  with  tungsten-rhenium 
microthermocouples.  As  in  the  case  of  ADN,  GMDADN  shows  a  local  maximum  on  the 
burning  rate  vs.  pressure  dependence,  situated  at  pressure  lower  than  that  of  ADN  burning 
rate  maximum  (Fig  3). 
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Pressure,  MPa 

Fig  3.  Effect  of  pressure  on  the  burning  rate  of  dinitramide  salts 
of  hexamethylenediamine  (crosses)  and  ammonium  (points). 
Figures  are  calculated  adiabatic  combustion  temperature 


Distance,  mm 

Fig  4.  Temperature  profiles  of  GMDADN  at  0.05,  2.1  and  10  MPa 

Temperature  profiles  have  been  measured  with  thin  thermocouples  at  pressures  of  0.05, 
0.1,  0.25,  2.1,  and  10  MPa,  that  is  before  the  local  burning  rate  maximum,  at  the  maximum, 
and  after  it.  The  typical  profiles  are  presented  in  Fig  4. 
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Table  2.  Surface  temperature  (Ts),  first  flame  temperature  (T )),  and  maximum  flame 
temperature  (T c)  for  combustion  of  GMDADN 


Pressure,  MPa 

Ts,  K 

Ti,K 

Tf,  K 

0.05 

710±1 0 

860±15 

- 

0.1 

730±15 

907±15 

- 

0.25 

765±15 

940±15 

- 

2.1 

- 

1020±45 

1600135 

10.0 

- 

- 

1700120 

1/T,  K'1 

Fig  5.  The  plot  of  pressure  against  reciprocal  characteristic  temperatures 
of  GMDADN 

Temperature  profiles  of  GMDADN  reveal  characteristic  features  at  low  pressures:  just 
above  the  surface,  the  temperature  is  kept  constant  and  equal  to  the  surface  temperature  for 
some  time  and  then  increases  by  ~  200  K  in  a  stepwise  manner.  The  gas  flame  appears  at 
pressures  above  2  MPa.  Characteristic  temperatures  in  the  combustion  wave  of  GMDADN: 
the  surface  temperature  (Ts),  the  temperature  above  the  surface  (T i),  and  temperature  of  the 
final  flame  (Tf),  are  presented  in  Table  2  and  Fig  5. 

In  the  previous  ADN  combustion  studies  19,101  it  was  proposed  that  the  temperature  of  the 
combustion  surface  corresponded  to  the  temperature  of  dissociation  of  ammonium  nitrate 
formed  in  the  condensed  phase,  and  the  temperatureTi  was  controlled  dissociation  reaction  of 
ammonium  dinitramide.  Using  the  same  approach  for  GMDADN,  the  heats  of  dissociation  of 
nitrate  and  dinitramide  salts  have  been  calculated  from  the  slopes  of  the  curves  constructed  in 
the  corresponding  coordinates  lgP-l/Ts  and  lgP-l/Ti  to  give  values  of  80  and  111  kcal/mole, 
respectively.  These  figures  are  in  a  good  agreement  with  heats  calculated  as  a  difference 
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between  heats  of  formation  of  solid  GMDA  nitrate  and  dinitramide  and  gaseous  products  of 
their  dissociation,  89  and  104  kcal/mole,  respectively. 


Fig  6.  Effect  of  initial  temperature  on  the  burning  rate  of  GMDADN  at  0.1  MPa 


Fig  7.  Comparison  of  the  experimental  temperature  sensitivity  of  GMDADN 
(crosses)  at  0.1  MPa  with  calculated  one  (dashed  line) 
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It  is  interesting  to  note  that  the  surface  temperatures  of  GMDADN  and  ADN  measured  at 
the  pressures  corresponding  to  the  burn  rate  local  maximums  are  close  together  (~725  K). 
Since  heat  effects  of  the  GMDADN  and  ADN  decomposition  in  the  condensed  phase  are 
close  also,  the  similarity  between  surface  temperatures  supports  the  early  conclusion, ,n|  that 
the  reason  for  combustion  instability  is  the  same:  a  deficit  in  the  reaction  heat  for  heating-up 
the  solid  to  the  surface  temperature  and  subsequent  dissociation. 

GMDADN  is  capable  of  self-sustained  burning  at  atmospheric  pressure  even  at 
temperature  of  liquid  nitrogen  (77  K),  allowing  burning  rate-initial  temperature  dependence 
to  be  measured  in  a  wide  temperature  interval  (77-383  K)  (Fig  6).  The  burning  rate  of  the  salt 
measured  at  low  temperatures  demonstrates  rather  significant  data  scatter,  which  is 
characteristic  for  combustion  with  the  leading  role  of  the  condensed  phase  reactions. 

Burning  rate  temperature  sensitivity  of  GMDADN  (a)  at  atmospheric  pressure  has  been 
calculated  from  the  experimental  data.  It  increases  from  4-10"  to  8 TO"  K‘  as  the  initial 
temperature  grows  from  77  to  353  K.  These  values  are  several  times  more  than  the 
theoretical  ones  evaluated  from  the  combustion  model  based  on  the  dominant  role  of 
condensed  phase  chemistry  (Fig  7): 

1 

TS~T0+  Lm  jcp 

This  may  be  indicative  of  the  thermal  instability  of  combustion  as  a  reason  for  the 
occurrence  of  the  local  maximum  on  the  burning  rate  vs.  pressure  curve,  as  was  the  case  of 
ADN. 

These  observations  allow  considering  all  the  dinitramide  salts  including  ADN  as  having 
similar  combustion  mechanism.  At  low  pressures,  the  reaction  of  dinitramide  salt 
decomposition  to  form  N2O  and  corresponding  nitrate  plays  a  dominant  role  in  combustion. 
As  pressure  increases,  there  comes  a  point  when  the  heat  of  the  reaction  is  no  longer 
sufficient  for  heating-up  the  solid  to  the  surface  temperature  and  subsequent  dissociation, 
while  exothermic  redox  reactions  in  the  gas  have  yet  to  be  faster  and  closer  to  the  surface  to 
contribute  noticeably  to  the  condensed  phase  heat  balance.  This  causes  a  large  share  of 
dinitramide  salts  to  exhibit  either  a  transition  region  or  combustion  instability  area  at  these 
pressures.  The  occurrence  of  this  region  depends  upon  the  fuel  reactivity  and,  largely,  the 
surface  temperature,  which  is  assumed  to  be  dissociation  one  and  dependent  on  the  amine 
basicity.  Salts  of  low-basicity  amines  generally  have  lower  dissociation  temperatures,  with 
the  result  that  the  balance  between  heat  required  and  evolved  in  the  condensed  phase  is 
unaffected  by  the  increasing  pressure.  At  pressures  above  10  MPa  a  contribution  of  gas-phase 
redox  reactions  gets  dominant,  bringing  about  the  combustion  temperature  to  the  first  place. 

4.  CONCLUSION 

A  specific  region  on  the  burning  rate  vs.  pressure  dependence,  characterized  by  either 
reduced  pressure  exponent  or  combustion  instability  has  been  found  to  be  a  peculiar  feature 
of  the  combustion  of  most  of  the  dinitramide  salts.  All  the  salts  including  ADN  have  been 
concluded  to  have  a  common  combustion  mechanism  which  involves  the  condensed-phase 
reaction  to  form  N2O  and  the  corresponding  nitrate.  This  reaction  determines  the  burning  rate 
at  low  pressures. 
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Abstract: 

This  work  presents  the  results  from  the  analyses  made  on  monobasic  gunpowder,  which 
consists  of  two  types  of  stabilizers  (diphenylamine  and  centralit  I)  with  total  mass  of 
representation  of  about  1,3%. 

The  content  of  the  residual  stabilizer  of  gunpowder  treated  at  different  temperature  and 
at  different  length  of  time  was  determined  by  using  two  quantitative  methods..  By 
processing  and  comparing  the  results  gained  at  raised  temperature  an  attempt  was 
made  to  foresee  the  time  of  stability  of  the  gunpowder  in  normal  conditions  of  storing. 

As  quantitative  methods  in  this  case  The  Hansen  test  and  liquid  chromatography 
(HPLC)  were  applied  According  to  the  first  method  the  gunpowder  was  treated  at  110 
°C  in  the  period  from  0  to  72  h,  and  the  results  were  validated  by  using  pH  -  meter. 

The  second  method  was  used  to  determine  the  content  of  the  residual  stabilizer  at  the 
same  gunpowder  treated  at  110°C  as  long  as  the  content  of  the  active  stabilized  does  not 
go  below  50%  m/m  from  the  starting  one. 

Keywords:  gunpowder,  chemical  stability,  stabilizer 


1.  INTRODUCTION 

The  compressive  explosive  materials,  which  include  all  types  of  gunpowder,  contain  one 
or  more  nitro  esters,  dealt  in  the  stability  as  a  science  and  practice  of  the  chemical 
mechanical  and  ballistics  evolution  of  the  homogenous  gunpowder  and  propulsives  [1,2]. 

All  these  explosive  materials  are  related  by  two  basic  properties:  sensitivity  to  external 
exposure  influences,  i.e.  the  capacity  of  explosive  materials  to  react  to  external  conditions; 
and  the  stability  of  the  explosive  materials  which  is  expressed  in  their  capability  to  retain 
their  initial  qualities  (chemical,  mechanical  and  physical,  ballistic  and  others)  within  certain 
limits  and  in  the  foreseen  period  for  their  use.  The  stability  is  analyzed  according  to  the 
safety  of  the  explosive  materials  whether  they  are  incorporated  into  particular  systems  or  are 
kept  separately  ,3'. 

The  chemical  stability  of  explosive  materials  implies  their  capability  to  remain  stable 
after  their  insertion  into  ammunition,  at  temperatures  from  -30  to  +60  °C,  and  remain 
unaltered  for  a  number  of  years,  i.  e.  not  to  be  subject  to  the  process  of  chemical 
decomposition.  However, the  esters  especially  the  nitroesters  are  not  stabile  and  are  subject  to 
spontaneous  self  degradation  (decomposition). The  rate  of  decomposition  incerases  by 
increasing  the  temperature  while  the  kinetics  goes  ccording  to  the  known  Ameus  law.  So  the 
nitrocellulose  as  basic  component  of  the  gunpowder  shows  signs  of  thermal  degradation. 
This  decomposition  of  nitrocellulose  is  a  complex  process  which  is  thought  to  be  catalized 
by  the  byproducts  of  the  decomposion  itself,  especially  by  the  reactive  nitrogen  oxides  f4'. 
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The  most  frequent  method  for  stabilization  of  the  nitrocellulose  gunpowder  is  adding  of 
the  diphenylamine,  which  reacts,  with  the  products  of  the  decomposition  when  nitrated 
derivates  of  diphenylamine  are  created.  However  the  stabilization  of  the  intracellular 
gunpowder  can  be  performed  by  adding  a  mixture  of  two  stabilizers  (ex.  Diphenylamine  and 
centralit)  in  certain  proportion.  The  nitro  cellular  gunpowder  used  in  the  ammunition  are 
mostly  made  with  the  content  of  the  stabilizer  from  1%  to  1,5%  ,41. 

Because  the  stabilizer  as  the  main  acceptor  of  the  nitrogen  oxides  is  closely  related  with 
the  decomposition  of  the  nitrocellulose,  it  is  thought  that  the  content  of  the  remaining 
stabilizer  is  an  adequate  indicator  for  determiniing  the  evolution  of  the  gunpowder.  For  these 
reasons  monitoring  of  the  content  of  the  stabilizer  in  the  gunpowder  is  performed  depending 
on  the  time  of  storage  of  the  ammunition  in  which  the  respective  gunpowder  had  been 
inserted.  When  the  amount  of  stabilizer  in  the  gunpowder  mass  is  reduced  below  50%,  the 
gunpowder  is  thought  to  be  chemically  unstable  and  as  such,  not  suitable  for  further  use  161 . 

The  mechanism  of  the  diphenlylamine  reaction  with  the  products  of  the  denitration  of 
the  nitrocellulose  occurs  by  substitution  of  the  hydrogen  atoms  of  diphenylamine  with  the 
nitroso-gasses  of  the  nitrocellulose,  during  which  N-nitrosodiphenylamine  is  formed  and 
then  in  the  subsequent  stages  of  substitution  several  intermediary  products  are  formed  - 
diphenylamine  derivatives  (fig.  1)  ,?l  which  are  also  thought  to  have  a  stabilizing  effect. 

®-E-@ 

diphenylamine 

NO2  H  NO  H 

2-nitrodiphenylamine  N-  nitrodiphenylamine  4-  nitrodiphenylamine 


Fig  1.  Diphenylamine  reaction  mechanism 

The  data  from  the  determination  of  the  total  content  of  stabilizer  (diphenylamine, 
centralit  and  its  derivatives)  serve  to  predict  the  time  of  safe  storage  of  the  gunpowder, 
which  requires  the  use  of  exceptionally  quick  and  accurate  instruments  and  methods. 
Classical  methods  do  not  fulfill  these  criteria,  because  the  examinations  take  long  (several 
days),  and  the  gunpowder  is  treated  at  higher  temperatures  which  results  in  its  accelerated 
aging  and  decomposition  according  to  mechanisms  which  are  still  not  sufficiently  clear. 

Gas  chromatography  has  been  used  for  a  long  time  as  a  leading  method  in  the 
determination  of  stabilizer  content  in  gunpowders.  Although  this  method  is  sufficiently  quick 
it  still  has  certain  drawbacks  which  make  it  unsuitable  for  this  purpose,  i.e.  the  substances 
that  are  analyzed  before  being  entered  into  the  gas  chromatography  column  need  to  be 
transformed  into  gas  phase,  which  causes  partial  or  complete  decomposition  of  the  thermally 
unstable  compounds  |S|.  In  this  manner  thermally  unstable  derivative  of  diphenylamine,  N- 
nitrosodiphenylamine,  is  decomposed  to  diphenylamine  f9'  which  prevents  the  determination 
of  the  actual  content  of  diphenylamine  and  its  derivatives. 
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More  recently,  a  solution  was  found  with  the  use  of  the  high-pressure  reversible  liquid- 
phase  chromatography  which  enables  determination  at  much  lower  temperatures. 

2.  EXPERIMENTAL 

In  this  case  a  monobasic  gunpowder  with  initial  content  of  the  stabilizer  of  about  1,3%  is 
examined.  It  is  determined  that  a  mixture  of  diphenylamine  and  centralit  I  is  used  as  a 
stabilizer, in  a  content  of  about  0,7%  and  0,5%,  accordingly.  The  analyses  are  made  by 
using  the  classical  Hansen  method  and  the  liquid  chromatography  (HPLC). 

Before  the  beginning  of  the  treatment  at  the  given  temperature  for  extraction  of  the 
damp,  the  gunpowder  was  treated  at  80  °C  in  a  period  of  four  hours.  The  analyses  by  the 
Hansen  method  are  carried  out  by  using  a  suitable  thermo  block  in  which  the  gunpowder 
was  treated  at  temperature  of  110  °C,  and  then  in  the  test  tube  with  gunpowder  a  distilled 
water  with  pH  5,5  was  added  and  after  the  intensive  mixing  with  duration  of  3  -  5  minutes 
the  pH  of  the  solution  was  measured.  The  analyses  with  liquid  chromatography  are  carried 
out  by  using  a  liquid  chromatograph  of  the  company  Varian  with  UV  detector  and  column 
RP  C8  with  dimensions  4,6  x  250  mm  (stationed  phase  Bondesil  with  seize  of  the  particles 
of  5  q  m). 

The  procedure  of  work  is  standardized  with  standard  f101. 

The  thermally  treated  samples  of  gunpowder  are  first  diluted  with  a  solvent 
(dichloromethane  solvent)  and  left  for  an  appropriate  time  period  in  order  to  extract  the 
stabilizer  from  the  gunpowder.  After  this,  with  the  aid  of  a  microliter  syringe,  an  assay  of 
2  p  1  was  taken  from  the  solution  for  analysis.  Standard  Merck  solvents  were  used  for  this 
purpose. 

All  measurements  were  performed  at  room  temperatures,  at  a  wave  length  of  254  nm. 
The  ratio  of  the  solvents  in  the  liquid  phase  was  60%  acetonitrille  and  40%  water,  with  a  1 
ml/min  flow.  Every  experiment  was  repeated  several  times,  with  the  aim  to  prove  the 
reproducibility  and  the  accuracy  of  the  results. 

3.  RESULTS  AND  DISCUSSION 

According  to  the  Hansen  method  the  gunpowder  is  considered  as  chemically  stabile  if 
after  eight  hours  of  treatment  at  110  °C  the  value  of  pH  doesn’t  go  below  3,30.  So,  in  our 
case  it  is  a  case  of  a  stabile  gunpowder  because  the  pH  value  is  bigger  than  3,30  and  after  72 
hours  (Table  1).  Most  probably  because  of  the  strong  base  influence  of  the  diphenylamine, 
pH  of  the  solution  increases  from  5,5  to  6,10  at  the  beginning  which  brings  to  gaining 
nonrealistic  results  for  evaluation  of  the  stability.  Also,  from  these  results  the  mechanism  of 
the  reaction  and  the  structure  of  the  real  stabilizer  can  not  be  determined  as  well  as  the  future 
course  and  speed  of  the  gunpowder  degradation  can  not  be  predicted  too. 

The  results  of  the  examination  of  the  stability  by  using  the  liquid  chromatography  are 
shown  as  chromatograms  (fig.  2  and  3). 

The  presence  of  diphenylamine  in  the  analyzed  gunpowder  is  evident  from  the 
chromatograms  and  centralit,  (peak  1)  which  appear  at  approximately  12  min.  i.e.  13 
minutes.  Beside  the  basic  stabilizers  diphenylamine  and  centralit,  the  presence  of  thier 
derivatives  is  also  obvious:  4-nitrodiphenylamine  (peak  3),  N-nitrosodiphenylamine  (peak4), 
and  2-nitrodiphenylamine  (peak  5),  formed  according  to  the  reaction  of  diphenylamine  with 
the  separated  NO  and  NO2  gasses,  (fig.  1)  and  N-nitroso-N-ethylanilin  (peak  6). 
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Table  1.  Gunpowder  treatment  at  110  °C 


No. 

Time  of  treatment 

rhi 

pH 

1. 

2 

6,10 

2. 

4 

6,05 

3. 

6 

5,73 

4. 

8 

5,60 

5. 

10 

5,05 

6. 

12 

4,53 

7. 

24 

3,65 

8. 

48 

3,48 

9. 

72 

3,43 

Quantitatively  the  presence  of  diphenylamine  and  its  derivatives  is  determined  from  the 
surface  of  the  peaks.  Reference  peaks  had  been  obtained  for  this  purpose.  The  quantitative 
analyses  show  that  the  content  of  the  total  stabilizer  in  the  gunpowder  is  bigger  than  50% 
m/m  after  24  hours  treatment  at  the  given  temperature  (Table  2),  while  after  48  hours  is 
about  40%  m/m.  The  results  on  figure  4  show  obvious  thermal  instability  of  the 
diphenylamine  and  centralit  derivatives.  That  instability  results  into  recurrent  reaction, 
especially  in  the  period  from  8  to  24  hours. 


Filename :  C  :'STAR'MODUIEXi3'DFA2 16 HUN  Channel:  1  =  254  nm  0  h 


Fig  2.  Chromatogram  of  diphenylamine  , centralit  I  and  their  derivatives 
from  0  to  8  h  treatment  na  1 10  °C 

1  -  DPA  (diphenylamine);  2  -  centralit  I;  3  -  N-nitroso-DPA;  4  -  4-nitro-DPA; 
5  -  2-nitro-DPA;  6  -  N-nitroso-N-ethylanilin 
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Time  [min] 


Fig  3.  Chromatogram  of  diphenylamine,  centralit  I  and  their  derivatives  from  10 
to  48  hrs  treatment  at  1 10  °C 

1  -  DPA  (diphenylamine);  2  -  centralit  I;  3  -  N-nitroso-DPA;  4  -  4-nitro-DPA; 

5  -  2-nitro-DPA;  6  -  N-nitroso-N-ethylanilin 

Table  2.  Content  of  the  stabilizer  after  treatment  of  the  gunpowder 
from  0  to  72  hrs  at  temperature  of  110  °C 


Time  of 

treatment 

[hi 

DPA 

Centra-lit 

N-NDPA 

2-NDPA 

4-NDPA 

2-Ncentr. 

Total  stabil. 

[%m/m] 

[%m/m] 

[%m/m] 

[%m/m] 

[%m/m] 

[%m/m] 

[%m/m] 

0 

0,69 

0,52 

0,05 

0,01 

0,02 

0,01 

1,30 

2 

0,39 

0,36 

0,13 

0,03 

0,02 

0,01 

0,94 

4 

0,33 

0,29 

0,25 

0,05 

0,04 

0,01 

0,92 

6 

0,16 

0,28 

0,27 

0,04 

0,05 

0,01 

0,81 

8 

0,00 

0,33 

0,40 

0,04 

0,05 

0,01 

0,83 

10 

0,00 

0,36 

0,52 

0,05 

0,02 

0,00 

0,95 

12 

0,00 

0,40 

0,64 

0,05 

0,01 

0,00 

1,10 

24 

0,00 

0,36 

0,55 

0,04 

0,03 

0,02 

1,00 

48 

0,05 

0,12 

0,32 

0,02 

0,04 

0,02 

0,57 

72 

0,05 

0,02 

0,28 

0,01 

0,05 

0,02 

0,43 
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- Series  1 


Fig  4.  Diagram  of  the  loss  of  the  stabilizer  in  the  gunpowder 
at  treatment  of  1 1 0  °C 


If  the  gained  results  for  the  speed  of  the  loss  of  the  stabilizer  in  the  gunpowder  are 
replaced  in  the  form  111 : 


D50(20°C) 

where: 


T-20 

dsoCTf'Yio  10 
365 


-  D50(20°C)-  Time  during  which  the  gunpowder  spent  half  of  the  stabilizer  at 
storage  temperature  T  =  20  °C  ; 

-  y10  -  coefficient  (factor  of  accelerating  the  degradation  reaction  for  10  K); 

-  d50(T)-  time  during  which  the  gunpowder  spend  half  of  the  stabilizer  at 
temperature  of  treatment  T  =  1 1 0  °C , 

then  the  following  is  gained: 


110-20 

17-25  10 

D50(20°C)  =  - =  17,8  years 

365 

This  would  mean  that  the  examined  gunpowder  will  be  chemically  stabile  in  the  next  1 8 
years.  Still,  this  result  should  be  taken  with  a  dose  of  reserve,  because  it  doesn’t  include  the 
effect  of  the  mass  and  the  surrounding  of  the  gunpowder  bullets. 


651 


4. 


CONCLUSION 


1.  The  classical  methods  including  the  Hansen  method  do  not  give  a  real  picture  of  the 
condition  of  the  chemical  stability  of  the  gunpowder,  but  only  initial  conclusion  that  at 
the  moment  of  the  examination  it  is  stabile  or  non  stabile. 

2.  Different  then  the  previous  method  the  liquid  chromatography  enables  gaining  real  data 
for  the  condition  of  the  gunpowder  and  the  stabilizer  into  it.  Because  of  the  relatively 
high  temperature  of  treatment  and  the  instability  of  the  derivatives  of  the  basic  stabilizer, 
certain  mistakes  are  possible  but  they  do  not  have  big  influence  over  the  final  evaluation 
of  the  chemical  stability  of  the  gunpowder. 

3.  The  results  gained  by  using  the  liquid  chromatography  can  be  used  with  a  dose  of 
reserve  ,to  predict  the  time  during  which  the  gunpowder  would  be  stabile. 
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Abstract: 

This  paper  informs  about  testing  of  explosiveness  of  chemical  substances  according 
Ministry  of  Environment  Decree  which  becomes  valid  to  the  date  of  entering  the  Treaty 
of  Accession  of  Czech  Republic  to  Europen  Union  into  force. 

Keywords:  explosive  properties,  shocks  sensitivity,  friction  sensitivity 


1.  INTRODUCTION 

There  is  a  number  of  strict  standards  and  directives  for  explosives  what  put  great 
demands  on  safety  precautions  for  their  production,  storage  and  transport.  Their 
implementation  comes  from  exhaustive  knowledge  of  all  their  dangerous  properties. 

However,  even  materials  of  non-explosive  characteristics  can  paradoxically  be  as 
dangerous  as  explosives  but  they  can  behave  like  explosives  for  specific  conditions.  These 
materials  can  be  treated  and  stored  with  no  limits  nevertheless  they  are  relatively  less 
dangerous  than  explosives  because  of  their  less  sensitivity  to  different  stimulants  and  less 
explosive  effect. 

According  to  the  act  356/2003  [1]  about  chemical  substances  and  chemical  preparations 
and  the  amending  some  others  act  the  chemical  substances  and  preparations  are  solid,  liquid, 
pasty  or  gelatinous  and  can  react  exothermally  even  without  access  of  air-oxygen.  They  are 
quickly  gas-evolving  and  in  partially  bounded  space  and  in  defined  test  conditions  they 
detonate,  bum  rapidly  or  they  explode  after  warming-up. 

To  the  date  of  entering  the  Treaty  of  Accession  of  Czech  republic  to  EU  into  force 
becomes  valid  Ministry  of  Environment  Decree  which  for  chemical  substances  and 
preparations  there  are  methods  for  testing  of  physico-chemical  properties,  explosive 
properties  and  properties  dangerous  for  environment.  On  the  same  day  there  is  cancelled  the 
Decree  No. 299/1 998  and  No. 3 16/1 998  in  which  the  method  for  explosibility  detection  of 
chemical  substances  and  preparations  is  determined. 

For  explosibility  detection  of  materials  due  to  the  Decree  mentioned  above  there  will  be 
the  method  A  14  named  "Determination  of  explosives  properties”. 

According  to  this  method  the  explosive  material  is  considered  as  the  chemical  substance 
or  preparation  what  can  explode  by  heat  influence  or  from  the  aspect  of  explosive  possibility 
is  impact-sensitive  or  friction-sensitive  in  the  instalment  introduced  in  that  Decree  or  is  more 
sensitive  to  impact  or  friction  than  1,3 -dinitrobenzene  in  an  alternative  instalment.  Such 
method  is  not  used  for  determination  if  the  material  is  able  to  explode  in  any  conditions. 


653 


The  material  must  be  examined  in  these  tests: 
test  of  thermal  sensitivity, 

test  of  mechanical  sensitivity  with  respect  to  shock, 
test  of  mechanical  sensitivity  with  respect  to  friction. 

2.  DESCRIPTION  OF  METHOD 
2.1  Test  of  thermal  sensitivity 

This  test  is  used  to  determine  the  sensitiveness  of  solid  and  liquid  substances  to  the 
effect  of  intense  heat  under  high  confinement. 

The  method  involves  heating  the  substance  in  a  steel  tube  closed  by  orifice  plates  with 
differing  diameters  of  hole  to  determine  whether  the  substance  is  liable  to  explode  under 
conditions  of  intense  heat  and  defined  confinement. 

The  apparatus  consists  of  a  non-reusable  steel  tube  with  its  reusable  closing  device 
(figure  1)  installed  in  a  heating  and  protective  device.  The  tube  is  deep  drawn  from  sheet 
steel  of  suitable  quality.  The  open  end  of  the  tube  is  flanged.  The  closing  plate  with  an 
orifice  through  which  the  gases  from  the  decomposition  of  the  test  substance  escape  is  made 
from  heat-resisting  chrome  steel  and  is  available  with  the  following  diameter  holes:  1,0  -  1,5 
-  2,0  -  2,5  -  3,0  -  5,0  -  8,0  -  12,0  -  20,0  mm  [3]. 

Heating  is  provided  by  propane,  from  an  industrial  cylinder  fitted  with  a  pressure 
regulator,  via  a  flow  meter  and  distributed  by  a  manifold  to  the  four  burners.  The  gas 
pressure  is  regulated  to  give  a  heating  rate  of  3,3  ±  0,3  K/s  when  measured  by  the  calibration 
procedure  . 

The  tube  is  suspended  between  two  roads  placed  through  holes  drilled  in  opposite  walls 
of  the  box.  The  arrangement  of  the  burners  is  given  in  figure  2. 

Normally  substances  are  tested  as  received,  although  in  certain  cases  it  may  be  necessary 
to  test  the  substance  after  crushing  it.  A  tared  tube  is  filled  of  the  substance  and  the  substance 
tamped  with  80  N  force  so  that  the  tube  is  filled  to  a  level  15  mm  from  the  top. 


Fig  1.  Steel  tube  and  accessories  Fig  2.  Heating  and  protective  device 
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Liquids  and  gels  are  loaded  into  the  tube  to  the  height  of  60  mm  taking  particular  care 
with  gels  to  prevent  the  formation  of  voids.  The  threaded  collar  is  slipped  onto  the  tube  from 
below,  the  appropriate  orifice  plate  is  inserted  and  the  nut  tightened  by  hand. 

Each  test  is  performed  until  either  the  tube  is  fragmented  or  the  tube  has  been  heated  for 
five  minutes.  A  test  resulting  in  the  fragmentation  of  the  tube  into  three  or  more  pieces, 
which  in  some  cases  may  be  connected  to  each  other  by  narrow  strips  of  metal  as  ilustrated 
in  figure  3,  is  evaluated  as  giving  an  explosion.  A  test  resulting  in  fewer  fragments  or  no 
fragmentation  is  regarded  as  not  giving  an  explosion. 


Fig  3.  Example  of  fragmentation  (D,E  No  explosion;  F  Explosion) 

Series  of  three  test  with  6,0  mm  diameter  orifice  plate  is  first  performed  and  if  no 
explosions  are  obtained,  a  second  series  of  three  tests  is  performed  with  a  2,0  mm  diameter 
orifice  plate.  If  an  explosion  occurs  during  either  test  series  then  no  further  tests  are  required. 

The  test  result  is  considered  positive  if  an  explosion  occurs  in  either  of  the  above  series 
of  tests  r3'. 


2.2  Test  of  mechanical  sensitivity  with  respect  to  shock 

The  test  is  used  to  measure  the  sensitiveness  of  solids  and  liquids  to  drop-weight  impact. 

The  essential  parts  of  the  fallhammer  are  the  cast  steel  block  with  base,  the  anvil,  the 
column,  the  guides,  the  drop  weights  with  release  device  and  the  impact  device  (figure  4).  A 
steel  anvil  is  screwed  onto  the  steel  block  and  cast  base.  The  support,  into  which  is  fixed  the 
column  is  bolted  to  the  back  of  the  steel  block.  The  two  guides  which  are  fixed  to  the  column 
by  means  of  three  cross-pieces  are  fitted  with  a  toothed  rack  to  limit  the  rebound  of  the  drop 
weight  and  a  movable  graduated  scale  for  adjusting  the  height  of  the  fall.  The  drop  weight 
release  mechanism  is  adjustable  between  the  guides  and  is  clamped  to  them  by  the  operation 
of  the  lever  nut  on  two  jaws.  The  apparatus  is  fixed  onto  a  concrete  block  by  means  of  four 
anchoring  screws  secured  in  the  concrete,  so  that  the  base  is  in  contact  with  the  concrete  over 
its  whole  area  and  the  guides  are  exactly  vertical [2]. 
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Fig  4.  Shock  test  apparatus  (1-base,  2-anvil,  3-steel  block,  4-colum, 

5-medio  cros-member,  6-2  guides,  7-toothed  rack,  8-graduate  scale) 

Four  drop  weights  are  available  with  the  following  masses  1,00  kg,  2,00  kg,  5,00  kg  and 
10,00  kg.  Each  drop  weight  is  provided  with  two  locating  grooves  holding  it  between  the 
guides  as  it  drops,  a  suspension  spigot,  a  removable  cylidrical  strikung  head  and  a  rebound 
catch  which  are  screwed  on  to  the  drop  weight. 

The  1  kg-drop  weight  has  a  heavy  steel  centre  fitted  with  the  striking  head.  The  2  kg, 
5kg  and  10  kg  drop  weights  are  of  massive  and  compact  steel. 

The  sample  of  the  substance  under  test  is  enclosed  in  an  impact  device  consisting  of  two 
co-axial  steel  cylinders,  one  above  the  other  in  a  hollow  cylindrical  steel  guide  ring. 

The  impact  device  is  placed  on  an  intermediate  anvil  and  centred  by  a  locating  ring  with 
a  ring  of  vent-holes  to  permit  the  escape  of  gases. 

For  solid  substances,  other  than  paste-like  or  gel-types,  the  following  points  should  be 
observed: 

a)  substances  in  powdered  form  are  sieved  (sieve  mesh  0,5  mm),  all  that  passes 
through  the  sieve  is  used  for  the  test, 

b)  substances  which  have  been  compressed,  cast  or  otherwise  consolidated  are 
broken  into  small  pieces  and  sieved,  the  fraction  passing  a  1,0  mm  sieve  and 
retained  on  a  0,5  mm  sieve  is  used  for  the  test, 

c)  substances  which  are  transported  only  in  the  form  of  charges  are  tested  in  the 
form  of  discs  with  of  volume  of  40  mm  . 

For  substances  in  powdered  form,  a  sample  is  taken  with  a  cylindrical  measure  of 

'i 

40  mm  capacity.  For  paste-like  or  gel-type  substances,  a  cylindrical  tube  of  the  same 
capacity  is  inserted  into  the  substance  and  after  levelling  off  the  surplus,  the  sample  is 
removed  from  the  tube  by  means  of  a  wooden  rod.  For  liquid  substances,  a  fine-drawn 
popette  of  40  mm  capacity  is  used. 
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The  substance  is  placed  in  the  open  impact  device,  which  is  already  in  the  locating  ring 
in  the  intermediate  anvil,  and  for  powders  or  paste-like  or  gel-type  substances,  the  upper 
steel  cylinder  is  gently  pressed  until  it  touches  the  sample  without  flattening  it. 

A  series  of  six  tests  are  performed  dropping  the  10  kg  mass  from  0,40  m  (40J).  If  an 
explosion  is  obtained  during  the  six  tests  at  40  J,  a  further  series  of  6  tests,  dropping  a  5  kg 
mass  from  0,15  m  (7,5  J),  must  be  performed  . 

Table  1.  Test  of  mechanical  sensitivity  with  respect  to  friction 

The  method  involves  subjecting  solid  or  pasty  substances  to  friction  between  standard 
surfaces  under  specified  conditions  of  load  and  relative  motion. 

The  friction  apparatus  consists  of  a  cast  steel  base  plate  on  which  is  mounted  the  friction 
device  (figure  5).  This  consists  of  a  fixed  porcelain  peg  and  moving  porcelain  plate,  the 
porcelain  plate  is  held  in  a  carriage  which  runs  in  two  guides.  The  carriage  is  connected  to  an 
electric  motor  via  a  connecting  rod,  an  eccentric  cam  and  suitable  gearing  such  that  the 
porcelain  plate  is  moved,  once  only,  bask  and  forth  beneath  the  porcelain  peg  for  a  distance 
of  10  mm.  The  porcelain  peg  may  be  loaded  with,  for  example,  120  or  360  newtons. 


Fig  5.  Friction  sensitivity  apparatus  (A-counterweight,  B-loading  arm,  C- 
porcelaim  plate,  D-peg-holder,  E-movable  carriage,  F-steel  base, 

G-wheel  for  setting  carriage  at  starting  position,  J-switch) 

The  flat  porcelain  plates  are  made  from  white  technical  porcelain  and  have  the 
dimensions  25  mm  x  25  mm  x  5  mm.  The  cylindrical  porcelain  peg  is  also  made  of  white 
technical  porcelain  and  is  15  mm  long,  has  a  diameter  of  10  mm  and  roughened  spherical 
end  surfaces  with  a  radius  of  curvature  of  10  mm  (figure  6). 


Fig  6.  Starting  position  of  peg  on  sample 
The  sample  volume  should  be  10  mm  or  a  volume  to  suit  any  alternative  apparatus. 
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Solid  substances  are  tested  in  the  dry  state  and  prepared  as  follows: 

a)  powdered  substances  are  sieved  (sieve  size  0,5  mm);  all  that  has  passed  through 
the  sieve  is  used  for  testing; 

b)  pressed,  cast  or  otherwise  condensed  substances  are  broken  into  small  pieces  and 
sieved;  the  sieve  fraction  <  0,5  mm  diameter  is  used  for  testing. 

Substance  normally  supplied  as  pastes  should  be  tested  in  the  dry  state  where  possible.  If 
the  substance  cannot  be  prepared  inthe  dry  state,  the  paste  (following  removal  of  the 
maximum  possible  amount  of  diluent)  is  tested  as  a  0,5  mm  thick,  2  mm  wide,  10  mm  long 
film,  prepared  with  a  former. 

The  porcelain  peg  is  brought  onto  the  sample  under  test  and  the  load  applied.  When 
carrying  out  the  test,  the  sponge  marks  of  the  porcelain  plate  must  lie  transversely  to  the 
direction  of  the  movement.  Care  must  be  taken  that  the  peg  rests  on  the  sample,  that 
sufficient  test  material  lies  under  the  peg  and  also  that  the  plate  moves  correctly  under  the 
peg.  For  pasty  substances,  a  0,5  mm  thick  gauge  with  a  2  x  10  mm  slot  is  used  to  apply  the 
substance  to  the  plate.  The  porcelain  plate  has  to  move  10  mm  forwards  and  backwards 
under  the  porcelain  peg  in  a  time  of  0,44  seconds.  Each  part  of  the  surface  of  the  plate  and 
peg  must  only  be  used  once;  the  two  ends  of  each  peg  will  serve  for  two  trials  and  the  two 
surfaces  of  a  plate  will  each  serve  for  three  trials. 

A  series  of  six  tests  are  performed  with  a  360  N  loading.  If  a  positive  event  is  obtained 
during  these  six  tests,  a  further  series  of  six  test  must  be  performed  with  a  120  N  loading. 

The  test  result  is  considered  positive  if  an  explosion  (crepitaion  and/or  a  report  or 
bursting  into  flame  are  equivalent  to  explosion)  occurs  at  least  once  in  any  of  the  tests  with 
the  specifies  friction  apparatus  or  satisfies  criteria  in  an  alternative  friction  test 

3.  CONCLUSION 

The  purpose  of  this  paper  was  to  inform  you  about  the  methods  of  testing  of 
explosiveness  of  chemical  substances  according  Ministry  of  Environment  Decree  which 
becomes  valid  to  the  date  of  entering  the  Treaty  of  Accesion  of  Czech  republic  to  the 
Europen  Union  into  force. 
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Abstract: 

Depending  on  geminal  trinitrocompounds  structure,  their  thermal  decomposition 
proceeds  in  one  or  two  stages.  It  is  a  complex  process  that  includes  evaporation, 
destruction,  secondary  oxidation-reduction  reactions,  and  autocatalysis.  It  is  shown  that 
thermal  sensitivity  is  tied  with  temperature  of  initial  decomposition.  The  steric  effect  of 
a-substituent  at  geminal  dinitrogroup  significantly  influences  both  decomposition  rate 
constant  and  decomposition  ’s  characteristic  temperature.  Corresponding  quantitative 
correlations  confirm  it. 


Keywords:  thermal  decomposition,  geminal  trinitro compounds,  kinetics, 

characteristic  temperatures,  steric  effect 


1.  INTRODUCTION 

Thermal  decomposition  and  differential-thermal  analysis  of  the  wide  range  of  geminal 
dinitrocompounds,  containing  -CONH-,  -NH-,  -N-NO2,  -H2COCH2-  and  other  groups,  was 
studied  in  continuation  of  111 .  The  studies  were  conducted  to  determine  the  influence 
of  chemical  structure  on  decomposition’s  rate  and  characteristic  temperatures. 

2.  EXPERIMENTAL 

Decomposition  and  thermal  analysis  was  conducted  using  derivatograph  in  the 
temperature  range  of  20  to  500°C.  The  heating  rates  used  were  2.5  °C/min,  5  °C/min,  and 
10°C/min.  None  of  the  heating  rates  used  had  any  effect  on  decomposition  characteristic 
temperatures  within  margin  of  error.  Therefore,  all  experiments  were  conducted  at  heating 
rate  of  2.5°C/min  using  the  sample  mass  of  0.05  grams.  The  results  of  the  thermo  gravimetric 
experiment  were  processed  using  smoothing  splines  121  that  guaranteed  Arrhenius  parameters 
reliable  determination. 

3.  RESULTS  AND  DISCUSSION 

Thermal  decomposition  for  the  majority  of  polynitrocompounds  proceeds  in  one  or  two 
stages,  depending  on  their  structure,  and  is  accompanied  by  exoeffect  (Fig.l). 
If  polynitrocompound’s  molecule  contains  benzene  ring,  the  loss  of  mass  in  such  a 
compound  occurs  in  two  stages.  The  second  stage  is  not  accompanied  by  exothermal  effect. 
This  fact  leads  to  a  conclusion  that  no  decomposition  occurs  at  this  stage  but  rather 
evaporation  of  the  aromatic  residue  forming  in  the  process  of  decomposition. 
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Fig  1.  Thermogram  for  [ H 3  CC(N 02)2 CH 2  O ] CH 2 


Thus,  for  instance,  the  main  condensed  product  of  decomposition  for  2,2-dinitroethyl- 
and  2,2-dinitropropylbenzamides  is  benzoic  acid.  Benzoic  acid  formation  during  the  process 
of  decomposition  was  proven  by  both  IR-spectral  method  and  element  analysis.  Calculation 
of  activation  energy  on  the  second  stage  of  decomposition  for  these  polynitrocompounds 
yielded,  correspondingly,  E=45.2  kJ/mol  (10.8  kcal/mol)  and  48.6  kJ/mol  (11.6  kcal/mol). 
According  to  f3',  benzoic  acid  evaporation  enthalpy  is  12.1  kcal/mol,  which  correlates  nicely 
with  the  values  reported  above.  For  the  majority  of  polynitrocompounds,  the  endothermic 
peak  (Fig.l)  precedes  the  loss  of  mass.  This  peak  implies  phase  transition  from  crystalline 
structure  to  liquid  phase.  Therefore,  thermal  decomposition  of  polynitrocompounds  occurs  in 
liquid  phase.  The  only  exception  is  2,2-dintroethylbenzamid  that  begins  decomposing  before 
phase  transition  occurs.  Decomposition  activation  parameters  and  characteristic  temperatures 
are  shown  in  Table  1 . 

The  Table’s  data  analysis  shows  that  decomposition  rate  constants  are  about  1.5-2  orders 
of  magnitude  greater  than  those  obtained  for  thermal  decomposition  of  geminal 
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dinitrocompounds  in  liquid  phase  under  static  conditions  141 .  Probably,  there  are  two  main 
reasons  for  this  discrepancy:  autocatalysis  and  partial  substance’s  evaporation.  In  addition, 
compensatory  effect  occurs  during  decomposition  as  well  (Fig.2). 


E,  kJ/mol 


Fig  2.  Dependence  lgA=F(E)  for  nitrocompounds.  Points  numbers  correspond  to 
compounds  numbering  in  Table  1. 

It  may  be  formalized  as  follows: 

log10A  =  (0.127  ±0.011)  *E- (4.985  ±1.901)  (1) 

R  =  0.996;  S*log10A  =  0.274;  n=9 

Reactionary  ability  of  geminal  dinitrogroup  changes  about  two  orders  of  magnitude 
depending  on  structural  factors.  Substituted  1,3-dioxanes  (compounds  9-11  in  Table  1)  have 
the  lowest  reactionary  ability  of  geminal  dinitrogroup  while  bromdinitroacetal  (compound  7) 
has  the  highest.  One  can  see  from  Table  1  that  both  a-  and  |3-substituents  influence  geminal 
dinitrogroup  decomposition  rate  constant.  However,  a- substituents  exert  greater  influence  no 
matter  whether  they  are  electron  donors  or  acceptors.  The  main  factor  is  the  volume  of  a- 
substituent.  The  greater  is  volume,  the  higher  is  decomposition  rate  constant.  The  steric 
factor’s  influence  on  hemolitic  decomposition  of  the  geminal  dinitrogroup  by  the  C-NO2 
bond  was  noted  for  decomposition  both  in  gaseous  phase  fS|  and  in  liquid  phase  f4'.  One  may 
expect  all  structural  effects  (except  steric  effect)  to  be  constant  for  compounds  with  general 
formula  [RC(N02)iCH20] 2  (I).  For  such  compounds  the  following  correlation  was  found  for 
substituent  R  (Fig. 3)  with  steric  constants  Es: 

logw  K 160  =  -( 0.379±  0.031)  Es  -  (4.270±0.081)  (2) 

R  =  0.990;  Sy  =  0.067;  n=5 
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Fig  3.  Dependence  logwK=F(Es)  for  compounds  with  general  formula 
[RC(N02)2CH20] 2.  Points  numbers  correspond  to  compounds  numbering 
in  Table  1 

The  absolute  value  of  reaction  constant  (r  =  0.379)  is  small  compared  with  one  reported 
in  161  because  the  process  of  substance’s  evaporation  contributes  disproportionately  to  the 
total  rate  of  substance’s  loss  of  mass.  Nevertheless,  dependence  (2)  allows  estimating 
reactionary  ability  for  those  of  compounds  (I)  that  are  proposed  for  usage. 

The  temperature  of  intensive  decomposition  (Tmax)  at  the  maximum  of  exothermal  peak 
serves  as  a  criterion  to  estimate  thermal  sensitivity.  Interdependence  exists  between  thermal 
sensitivity  and  temperature  in  the  beginning  of  decomposition  (Tb)  (Fig.4).  This 
interdependence  is  described  by  equation 

Tmax  =  1.194*Tb  (3) 

R=0. 983 


Equation  (3)  allows  estimating  not  only  thermal  sensitivity  but  also  how  much  time 
substance  can  withstand  thermal  impulse  of  constant  intensity  before  decomposition  begins. 
One  can  see  from  Table  1  that  Tb  grows  with  compound  number,  starting  from  112°C  for 
compound  1  to  218°C  for  compound  14.  Correspondingly,  the  time  of  constant  impulse’s 
impact  on  substance  grows  from  36.8  up  to  79.2  minutes.  Since  thermal  capacity  and  thermal 
conductivity  are  virtually  the  same  for  all  the  compounds,  one  may  conclude  that  chemical 
structure  and  reactionary  ability  during  decomposition  are  the  main  factors  for  compounds 
sensitivity  to  thermal  wave.  Solving  Arrhenius  equation  for  Tmax  and  Tb  through  simple 
transformations,  one  may  relate  Tmax  (Kmax)  with  Tb(Kb)  as  follows: 
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Fig  4.  Dependence  Tmax=F(Tb)  for  nitrocompounds.  Points  numbers  correspond 
to  compounds  numbering  in  Table  1 


Tmax=  [  1+  log(KmJKh)  /  ( E/(R *Tb)  -  log(Kmax/Kb) ] *Tb 


(4) 


Where  E  is  decomposition’s  activation  energy,  R  is  a  Universal  Gas  Constant,  and  Kmax 
and  Kb  are  decomposition  rate  constants  at  Tmax  and  Tb,  accordingly.  Assuming  reasonable 
values  for  activation  energy  and  solving  equations  (3)  and  (4)  together,  one  may  estimate  Tb, 
Tmax,  and  AT  =  Tmax-Tb  for  those  dinitrocompounds  that  were  not  studied  directly. 

One  may  conclude  that  both  Tmax  and  decomposition  rate  constant  are  fundamental 
characteristics  in  modern  chemical  kinetics.  So  it  is  logical  to  relate  Tmax(Tb)  with 
substituents  steric  constants  Es  for  compounds  (I).  Corresponding  data  are  shown  in  Fig. 5. 
One  can  see  that  all  the  data  points  may  be  approximated  satisfactorily  with  straight  lines 
and  are  described  by  corresponding  regression  equations: 

Tmax  =  (15.195±1.302)  *  Es  +  (232. 701  ±27. 144)  (5) 

R  =  0.989;  Sy  =  2.823;  n=5 

Th  =  (13. 765±0. 711)  *  Es  +  (194. 724  ±  11.035)  (6) 

R=0.995;  Sy  =  2.541;  n=6 


Equations  (5),  (6)  may  be  used  to  predict  thermal  sensitivity  and  thermostability  for 
those  geminal  dinitrocompounds  with  general  formula  (I)  that  were  not  studied  directly. 
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Decomposition  time  was  determined  in  the  temperature  interval  of  AT  =  Tmax  -Tb  while 
heating  with  2.5°C  per  minute  (Table  1).  Note  that  decomposition  time  of  compounds  (I) 
increases  from  3.2  minutes  (compound  1)  to  17.2  minutes  (compound  11)  with  increase  in 
AT.  This  means  thermal  sensitivity  and  thermostability  for  structurally  different  compounds 
change  symbatically  in  accordance  with  equations  (3)  and  (4). 


Es,  kJ/mol 

Fig  5.  Dependence  Tb=F(Es)  and  Tmax=F(Es)  for  compounds  with  general 
formula  [RC  (NO 2)  2 C FI 2 OJ 2.  Points  numbers  correspond  to  compounds 
numbering  in  Table  1 


High  thermal  sensitivity  and  low  thermostability  of  compounds  1-3  (see  Table  1), 
containing  B-NH-  or  -CONH-  groups,  may  not  be  explained  within  framework  of  radical 
decomposition  mechanism  through  break  in  C-NO 2  bond.  Similarly  to  (3-trinitroethylamines 
and  amides,  decomposition  of  these  compounds  proceeds  through  primary  heterocyclic 
break  of  C-Cbond  with  dinitroanion  and  carbony-immony  cation  formation  . 

Compounds  4,5  (Table  1)  that  contain  =N-N02  group,  show  lower  thermal  sensitivity 
and  higher  thermostability  compared  with  compounds  1-3.  However,  they  are  more  sensitive 
and  less  stable  than  compounds  9-12.  The  reason  for  this  is  both  electronic  and  steric 
interaction  between  -C(NOi)2-  and  =N-N02  groups. 
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4. 


CONCLUSION 


We  found  that  decomposition  of  geminal  dinitrocompounds  proceeds  homolitically  with 
C-NO2  bond  break  or  heterolitically  with  C-C  bond  break  depending  on  compounds 
structure.  Heterolitic  pre-dissociation  via  bond  C-C  strongly  increases  thermal  sensitivity 
and  decreases  thermostability.  The  latter  circumstance  excludes  such  compounds  from 
practical  use. 
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Table  1.  Characteristic  temperatures,  times,  and  Arrhenius  parameters  for  the  first  stage  of  thermal  decomposition  for  geminal 
dinitrocompounds.  Steric  constants  for  the  substituents.  Tm  -  melting  temperature,  Tb  -  temperature  at  the  beginning  of 
decomposition,  Tmax  -  temperature  at  exothermic  peak  maximum,  AT  =  Tmax-Tb,  h  -  time  for  temperature  to  rise  from  20°C  to 
Tb,  tmax  -  time  of  decomposition  from  Tb  to  Tmax 


# 

Compound 

Tm, 

°c 

Tb, 

°C 

T 

1  max  y 

°c 

AT ; 

°c 

tb 

u„ 

min 

T 

1  max, 

min 

E, 

kJ/mol 

logA 

k160* 

105  s1 

Es 

1 

HC(N02)2CH2NH(C0)C6H5 

112 

120 

8 

36.8 

3.2 

2 

H3CC(N02)2CH2NH(C0)C6H5 

132 

132 

153 

21 

44.8 

8.4 

3 

H3CC(N02)2CH2NHC6H5 

53 

140 

160 

20 

48.0 

8.0 

4 

HCC(N02)2CH2N(N02)CH2CH2C00H 

128 

145 

170 

25 

50.0 

10.0 

194.8 

19.60 

13.6 

5 

H3CC(N02)2CH2N(N02)CH3 

69 

150 

180 

30 

52.0 

12.0 

108.0 

9.25 

13.4 

6 

[H3CC(N02)2CH2N(N02)CH20]2CH2 

113 

152 

185 

33 

52.8 

13.2 

150.6 

15.05 

76.0 

-3.22 

7 

[BrC(N 02)2CH20]2CH2 

41 

150 

180 

30 

52.0 

12.0 

174.6 

18.06 

103.4 

-3.44 

8 

[ClC(N02)2CH20]2CH2 

Liquid 

156 

193 

37 

54.4 

14.8 

160.0 

16.20 

83.3 

-2.81 

9 

(0,N)2C  2  ri  ch2 

^  CH 20 

34 

180 

210 

30 

64.0 

12.0 

170.0 

15.94 

2.8 

10 

(02N)2C^C^°ofCH-  CH2CH2C(N02)2CH3 

120 

183 

220 

37 

65.2 

14.8 

184.4 

17.61 

2.6 

11 

(02N)2c'CH2°^  CH  -  C6II4N02 

""  ch2o  ^ 

144 

187 

230 

43 

66.8 

17.2 

181.0 

16.96 

1.4 

12 

[ H3CC(N02)2CH2N(N02)CH20J2CH2 

35 

194 

234 

40 

69.6 

16.0 

150.8 

13.89 

5.3 

0 

13 

[(02N)3CCH20]2CH2 

66 

160 

195 

35 

56.0 

14.0 

180.2 

18.22 

33.0 

-2.14 

14 

[FC( N02)  2  CHiO]  2  CH  i 

Liquid 

218 

79.2 

evaporation 

+1.56 

*  Data  from  [SI 

**  r*  111 

Data  from  1 ' 
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OF  LOW-SENSITIVITY  NTO/HMX  EXPLOSIVES 
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Abstract: 

Detonating  performances  of  new  explosive  compositions  con  tain  ing  NTO  and  HMX  are 
investigated  in  this  work.  Detonation  velocity,  pressure  and  energy  of  the  mixtures 
tested  and  acceleration  ability  and  equation  of  state  of  their  detonation  products  are 
determined.  Shock  and  impact  sensitivity  is  evaluated  in  the  gap  test  and  heavy  hammer 
test. 

The  compositions  investigated  can  be  considered  as  a  suitable  insensitive  explosive  to 
replace  TNT/RDX  mixtures  in  munitions  applications. 

Keywords:  insensitive  munitions,  detonation  performance 


1.  INTRODUCTION 

New  TNT/RDX/NTO  formulations  were  successfully  manufactured  and  characterized  in 
Ref.  111 .  Detonation  performance  and  energetic  characteristics  of  these  mixtures  were 
comparable  with  those  of  TNT/RDX  (40/60)  composition.  The  shock  and  impact  sensitivity 
of  tested  formulations  was  lower  than  the  sensitivity  of  the  TNT/RDX  mixture. 

In  this  work,  an  attempt  is  undertaken  to  obtain  low  sensitivity  mixture  of  NTO  and 
HMX  of  detonation  and  energetic  performances  higher  than  the  composition  TNT/RDX 
40/60.  To  select  the  composition  contents  the  results  of  thermochemical  calculations  of 
detonation  parameters  are  used.  For  two  chosen  mixtures  the  detonation  and  energetic 
characteristics  are  determined.  Shock  and  impact  sensitivity  of  the  compositions  is  also 
evaluated. 

2.  COMPOSITIONS 

Theoretical  estimation  of  detonation  characteristics  of  NTO/HMX  mixtures  was 
performed  by  the  use  of  the  thermochemical  code  CHEETAH  f2'.  The  detonation  velocity 
was  calculated  as  a  function  of  the  mass  contents  of  NTO.  It  was  assumed  that  the  density  of 
the  mixtures  was  95  %  of  the  theoretical  maximal  density.  The  dependence  of  the  detonation 
velocity  D  on  the  contents  of  NTO  xnto  is  shown  in  Fig.  1. 

The  detonation  parameters  of  TNT/RDX  40/60  mixture  (hereafter  denoted  by  CB)  are 
assumed  to  correspond  to  the  parameters  of  Comp.  B.  The  detonation  velocity  of  CB  is 
7830  m/s  .  From  the  curve  presented  in  Fig.  1  it  follows  that  for  tested  contents  of  NTO  in 
the  NTO/HMX  mixtures,  calculated  detonation  velocity  is  higher  than  that  of  CB.  The 
composition  NTO/HMX  30/70  and  the  composition  NTO/HMX  50/50  were  chosen  for 
further  investigations. 
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Fig  1.  Dependence  of  the  detonation  velocity  of  NTO/HMX  mixtures 
on  the  contents  of  NTO 

The  procedure  of  preparing  the  compositions  was  as  follow.  NTO  was  dissolved  in  water 
and  HMX  phlegmatised  by  Viton  was  added  to  the  solution.  The  mixture  was  frozen  with 
continuous  mixing  and  finally  the  granulated  product  was  obtained.  In  reality,  the  mixture 
NTO/HMX/V iton  30/66.5/3.5  (denoted  by  KH30)  and  the  mixture  N T O/HMX/V iton 
50/47.5/2.5  (denoted  by  KH50)  were  tested. 

3.  DETONATION  PERFORMANCE 
3.1  Detonation  pressure  and  velocity 

To  determine  the  detonation  pressure  of  the  mixtures,  a  variant  of  the  aquarium  test  was 
applied  1  '.  In  this  method,  profiles  of  an  oblique  shock  wave  propagating  in  a  cylindrical 
layer  of  water  during  detonation  of  a  cylindrical  charge  of  an  explosive  tested  is  recorded 
with  a  X-ray  set.  The  experimental  profiles  are  then  compared  with  results  of  numerical 
modelling  of  the  expansion  process  which  are  in  a  form  of  relation  between  the  position  of 
the  front  of  oblique  shock  wave  in  water  and  the  exponent  of  isentrope  (y)  of  detonation 
products.  The  value  of  y  corresponding  to  the  solution  that  overlaps  the  experimental  profile 
is  accepted  as  the  exponent  sought.  The  detonation  pressure  is  calculated  according  to  the 
following  equation: 


Pci  = 


Po  D2 
y  + 1 


(1) 


where  pa  denotes  the  detonation  pressure  and  po  is  a  density  of  the  explosive  tested. 

The  scheme  of  the  experimental  arrangement,  used  in  the  aquarium  test,  is  shown  in 
Fig.  2.  A  cylindrical  charge  of  25  mm  in  diameter  and  250  mm  in  length  was  placed  inside  a 
PCV  tube  with  an  inner  diameter  of  7 1  mm  and  wall  thickness  of  2  mm.  The  tube  was  filled 
with  water.  Short-circuit  sensors  were  located  in  the  charge  to  measure  detonation  velocity. 
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Fig  2.  Water  test  -experimental  arrangement:  1  -  booster,  2  -charge  tested,  3  - 
water,  4  -  sensor  to  measure  detonation  velocity,  5  -  sensor  to  trigger  the 
X-ray  set 

The  density  and  detonation  velocity  of  the  mixtures  used  in  the  water  test  and  the  results 
are  given  in  Tab.  1.  The  exponent  of  isentrope  of  detonation  products  was  determined  by 
comparison  of  measured  and  calculated  positions  of  the  shock  wave  front  in  a  plane  section 
located  at  a  distance  of  one  charge  radius  from  the  front  of  detonation  wave.  The  detonation 
pressure  was  calculated  from  the  Eq.  (1).  Table  1  also  contains  some  theoretical  values  of  the 
parameters  (with  an  index  t)  calculated  with  the  thermochemical  code  CHEETAH. 

Table  1.  Experimental  and  calculated  detonation  properties  of  the  mixtures  tested 


Explosive 

Po 

[kg/m3l 

D 

[m/s] 

Y 

Pa 

A 

Yt 

Pen 

CB  -  [1] 

1674 

7830 

2.97 

25.85 

7810 

3.02 

25.40 

KH30 

1810 

8580 

3.20 

31.7 

8517 

3.26 

30.82 

KH50 

1825 

8450 

3.24 

30.9 

8475 

3.32 

30.32 

From  the  results  obtained  it  follows  that  the  detonation  parameters  of  the  compositions 
KH30  and  KH50  are  significantly  higher  than  those  of  CB. 

3.2  Cylinder  test 

The  cylinder  test  results  were  the  basis  for  determination  of  acceleration  abilities  and 
energetic  characteristics  of  the  detonation  products  of  mixtures  investigated.  The  process  of 
acceleration  of  a  copper  tube  by  detonation  products  was  recorded  with  the  impulse  X-ray 
apparatus.  The  tube  was  300  mm  long  with  internal  diameter  of  25  mm  and  wall  thickness  of 
2.5  mm.  The  results  of  the  test  are  presented  in  Fig.  3.  in  the  form  of  the  dependence  of  the 
radius  of  external  surface  of  the  tube  on  the  axis  co-ordinate  x.  To  determine  the  radial 
velocity  of  the  copper  tube,  the  data  obtained  from  the  cylinder  test  were  recalculated  by  the 
use  of  the  method  described  in  Ref.  [4'.  The  detonation  velocities  measured  in  the  cooper 
tube  were  8600  and  8480  m/s  for  KH30  and  KH50,  respectively. 
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Fig  3.  Dependence  of  the  external  radius  of  the  tube  on  the  axis  co-ordinate 


3.3  Gurney  and  detonation  energy 

The  acceleration  ability  of  explosive  can  be  described  by  so-called  Gurney  energy. 
For  cylindrical  envelopes  the  Gurney  energy  is  expressed  by  the  following  relation 


eg  = 


r  1 
V  2 


\  2 


(2) 


where  wl  is  the  velocity  of  the  tube  and  p  denotes  the  ratio  of  tube  mass  to  explosive 
mass. 

Results  of  the  cylinder  test  enable  us  to  analyze  the  dependence  of  the  Gurney  energy, 
described  by  formulae  (2),  on  the  degree  of  tube  expansion.  This  dependence  also  describes 
the  acceleration  ability  of  the  explosive.  The  relationship  between  the  Gurney  energy  and  the 
relative  volume  of  detonation  products  for  the  mixtures  tested  is  given  in  Fig.  4. 

The  results  of  cylinder  test  can  also  be  used  to  estimate  the  detonation  energy.  In  Ref.  f4' 
it  was  shown  that  there  was  a  correlation  between  the  velocity  of  driven  tube  at  the  infinite 
volume  of  the  detonation  products  and  the  detonation  energy  of  an  explosive.  The  relation 
can  be  written  as  follows 


fo_ 

4 


(  0 
V  l) 


ps  + 


( 

VWL  J 


(3) 


where  eo  and  eos  are  the  detonation  energy  of  a  given  explosive  and  a  standard  explosive, 
respectively  wl  and  u l  denote  the  tube  velocity  determined  at  the  infinitive  volume  of 
detonation  products  of  the  explosives.  These  velocities  were  estimated  by  the  method 
described  in  Ref.  f4'.  Using  phlegmatized  RDX  as  a  standard  explosive  the  detonation 
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energies  of  the  explosive  tested  was  calculated  from  (3).  The  values  obtained  are  given  in 
Table  2. 


Fig  4.  Acceleration  ability  of  the  explosive  tested 

Table  2.  Detonation  energies  estimated  of  the  basis  of  cylinder  test  data 


Explosive 

eo 

[kJ/kg] 

Eo  ~  eo  po 

[MPa] 

RDXDh 

5263 

8.7 

cb  rn 

5126 

8.6 

KH30 

5125 

9.3 

KH50 

5000 

9.1 

From  the  Fig.  4  it  follows  that  the  Gurney  energy  of  compositions  with  NTO  are  higher 
that  those  of  TNT/RDX  mixture  but  from  Table  2  it  follows  that  the  values  of  detonation 
energy  per  unit  mass  are  comparable. 

3.4  Isentropes  of  the  detonation  products 

So-called  effective  exponent  of  isentrope  is  determined  on  the  basis  of  the  real  isentrope 
of  the  detonation  products.  It  can  be  estimated  from  results  of  the  cylinder  test.  In  Ref.  fS|  the 
effective  exponent  is  determined  by  comparison  of  the  experimental  profile  of  the  copper 
tube  with  that  obtained  from  numerical  modelling  of  the  expansion  process.  The  detonation 
products,  driving  the  tube,  are  described  by  the  constant-y  equation  of  state.  This  method  was 
applied  in  the  present  work  to  estimate  the  effective  exponent  of  isentrope  for  detonation 
products  of  explosive  tested.  The  values  of  y  are  as  follows:  y  =  3.15  and  3.15  for  KH30  and 
KH50,  respectively. 

In  reality,  the  exponent  of  the  isentrope  greatly  changes  during  the  expansion  of  the 
detonation  products  -  from  a  value  of  about  3  at  the  Chapman- Jouguet  point  to 
approximately  1.2  at  low  pressure.  Therefore  the  physical  properties  of  the  expanding 
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gaseous  detonation  products  are  more  precisely  described  by  the  isentrope  which  was 
proposed  by  Jones,  Wilkins  and  Lee.  Cylinder  test  results  are  commonly  employed  in  most 
methods  of  determination  of  the  JWL  constants.  In  one  of  them  f6',  some  connections 
between  JWL  coefficient  are  used.  Using  the  model  described  in  Ref.  ,?1,  as  well  as  the 
values  of  detonation  velocity,  detonation  pressure  and  detonation  energy  of  the  explosive 
tested,  the  constant  of  the  JWL  isentrope  were  estimated.  Results  of  calculations  are  given  in 
Table  3. 


Table  3.  The  detonation  pressure  and  the  constants  of  JWL  isentrope 
for  the  detonation  products  of  explosives  tested 


Explosive 

Pci 

[GPA] 

A 

[GPA] 

B 

[GPA] 

C 

[GPA] 

Ri 

Ri 

CO 

KH30 

31.9 

1322.215 

25.15556 

0.933113 

5.36 

KH50 

31.0 

1386.098 

25.34411 

0.897686 

5.46 

Fig.  5  displays  how  different  JWL  and  constant-y  isentropes  for  the  explosives 
investigated  are. 


Fig  5.  The  constnat-y  and  JWL  isentropes  for  detonation  products  of  explosives  tested 
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3.5  Expansion  work 

After  determining  an  isentrope,  the  expansion  work  of  detonation  products  can  be 
calculated  from  the  equation: 

W(y)  =  -ec+  \p{dv  (4) 

VCJ 

where  px  is  the  pressure  on  the  isentrope  starting  from  the  CJ  point,  and  ec  =  (pcrPo)  (vo  - 
vcj)/2  is  the  energy  of  compression  of  the  explosive  at  the  detonation  front. 

Dependence  of  the  expansion  work  on  the  relative  volume  of  the  detonation  products  of 
the  explosives  tested  is  shown  in  Fig.  6. 


Fig  6.  Expansion  work  as  a  function  of  the  relative  volume  of  detonation  products 


4.  SENSITIVITY  TO  MECHANICAL  STIMULI 
4.1  Gap  test 

The  gap  test  enables  the  determination  of  the  shock  sensitivity  of  explosives.  The  charge 
configuration  used  in  experiments  is  shown  in  Fig.  7.  The  explosive  tested  was  placed  inside 
a  cooper  tube  similar  to  that  used  in  cylinder  test.  A  booster  made  of  phlegmatized  RDX 
served  as  a  shock  wave  generator.  From  shot  to  shot,  the  length  of  plexiglass  attenuator  was 
changer  with  1-mm  step.  The  highest  and  the  lowest  gap  values  were  appointed  for  which 
the  complete  detonation  and  failure  of  explosion  process  were  observed.  The  complete 
detonation  of  explosive  charge  was  indicated  when  a  clean  hole  was  cut  in  the  steel  witness 
plate. 

The  shock  sensitivity  of  explosive  tested  as  the  usual  gap  results  in  the  form  “detonation 
-  no  detonation”  is  presented  in  Fig.  8.  Only  one  trial  was  performed  for  the  composition 
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KH30.  It  is  more  sensitive  than  the  composition  CB.  However,  the  sensitivity  of  the  mixture 
KH50  is  lower  than  that  of  composition  CB. 


Fig  7.  Scheme  of  the  charge  configuration  Fig  8.  Thickness  of  plexiglass  gap 

to  determine  the  shock  sensitivity:  for  complete  and  incomplete 

1  -  detonator  and  holder,  detonation  in  the  explosive  tested 

2  -  booster,  3  -  plexiglass  gap, 

4  -  explosive  tested  in  cooper  tube, 

5  -  witness  plate 

4.2  Hammer  test 

For  the  impact  sensitivity  determination  a  fallhammer  apparatus  was  used.  A  0.03  g 
sample  of  explosive  tested  was  placed  in  a  piston  device.  The  weight  of  hammer  applied  was 
5  kg.  For  each  drop  height  10  trials  were  conducted.  The  minimum  drop  height  at  which  10 
initiations  occurred  was  9,  20  and  22  cm  for  compositions  CB,  KH30  and  KH50, 
respectively.  It  means  that  NTO  admixture  decreases  significantly  the  impact  sensitivity 
of  HMX  mixtures. 


5.  SUMMARY 

New  NTO/HMX  formulations  were  successfully  manufactured  and  characterized. 
Detonation  performance  and  energetic  characteristics  of  these  mixtures  are  higher  than  those 
of  TNT/RDX  40/60  composition.  The  shock  and  impact  sensitivity  of  formulation 
NTO/HMX/Viton  50/47.5/2.5  is  lower  than  the  sensitivity  of  the  TNT/RDX  mixture. 
Manufactured  composition  can  be  considered  as  a  suitable  main  charge  filling  to  substitute 
for  existing  TNT/RDX  compositions. 
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Abstract: 

The  aim  of  this  work  is  the  determination  ofLOD  of  explosive  compounds  using  Agilent 
1100  series  LS-MSD  system  with  the  atmospheric  pressure  chemical  ionization  (APCI) 
source. 

At  the  analysis  of  explosive  compounds  LC-MSD  with  IONSCAN  M  400  ( Barringer 
Inc.),  a  detector  of  explosives  and  drugs,  and  with  the  gas  chromatography  with  electron 
capture  detector  (agilent  Technologies)  were  compared. 

Keywords:  trace  analysis,  explosive,  LC-APCI/MS,  GC-ECD,  IONSCAN 


1.  INTRODUCTION 

In  recent  years,  mass  spectrometric  detection  is  increasingly  used  in  LC  and  GC  to 
improve  selectivity  and  structural  identification  of  unknown  organic  compounds  and  also  in 
complicated  mixtures  1,1 . 

The  combination  of  HPLC  and  atmospheric  pressure  ionization  (API)  MS  is  suitable  for 
the  investigation  of  thermolabile,  and  polar  substances,  like  various  explosives,  forensic 
relevant  substances  in  trace  levels  f2'.  Atmospheric  pressure  chemical  ionization  (APCI) 
technique  results  in  protonated  molecules  with  little  or  no  fragmentation.  Therefore, 
fragmentation  is  needed  to  get  the  additional  ions  necessary  for  the  identification  of 
compounds  131 .  Several  application  of  LC-APCI/MS  to  the  analysis  of  explosives  and 
explosive  residues  are  described  by  Andre  Schreiber  et  al.  ,2',  Xiaoming  Zhao  et  al.  ,4’ 51  and 
D.A.  Cassada  et  al.  f6'. 

GC-MS  and  LC-MS  plays  an  important  role  in  post  explosion  analysis,  possibly  by 
being  complementary  to  each  other  171 .  Except  of  LC-MS  also  another  methods  for  rapid  and 
rigirous  identification  of  trace  amounts  of  explosives  exist f8' .  One  of  the  following  methods 
can  be  used  in  post  explosion  analysis  of  organic  high  explosives  (TNT,  RDX,  PETN  etc.)  : 
ion  mobility  spectrometry  (IMS),  gas  chromatography  with  electrone  capture  detector  (GC- 
ECD)  etc.  [9]. 

Analysis  of  nitrate  ester  explosives  by  GC  can  be  problematic  due  to  their  thermal 
instability  and/or  sorption  in  the  analytical  system  r10'.  The  problem  of  the  thermal  instability 
of  the  explosive  at  LC  is  eliminated  because  the  analysis  takes  place  at  room  temperature 
and  the  formation  of  active  sites  on  the  column  from  dirty  samples  is  not  as  great  problem  as 
in  gas  chromatography  ,?l.  The  ECD  is  especially  selective  to  compounds  containing 
electronegative  atoms  (nitro  groups)  whereas  it  is  insensitive  to  hydrocarbons  . 
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There  are  described  different  applications  of  GC-ECD  in  the  field  of  analysis  of 
common  explosives  and  their  post  explosion  residues  ,12’ 131 . 

Ion  mobility  spectrometry  has  become  the  most  successful  and  widely  used  technology 
for  the  detection  of  trace  levels  of  nitro-organic  explosives.  The  usability  of  IMS  in  the 
detection  of  explosives  in  post-blast  residues  is  reported  by  Tricia  L.  Buxton  et  al.  f14'  and 
R.G.Eving  et  al.  flS|. 


2.  EXPERIMENTAL  SECTION 


2.1  Used  Materials 

In  this  work  the  following  explosives  were  tested: 

>  technical  dinitrotoluene  (structure  1 ;  DNT) 

>  technical  2,4,6  -  trinitrotoluene  (structure  2;  TNT) 

>  pentaerythrytol  tetranitarte  (structure  3;  PETN) 

>  hexahydro-l,3,5-triazine  (structure  4;  RDX) 


From  the  view  of  criminalistic  expert’s  report  technical  DNT  and  separated  isomers  of 
2,4-  and  2,6-DNT  are  interesting  as  components  of  industrial  explosives  and  smokeless 
powder.  TNT  is  interesting  as  the  basic  military  explosive,  often  used  component  of  military 
and  industrial  explosive  mixtures  and  as  a  component  of  homogenous  propellants  as  well  as 
some  pyrotechnical  compositions.  For  the  criminalistic  investigation,  PETN  has  had  a  great 
significance  for  his  abundance  as  a  primarily  component  of  plastic  explosives  manufactured 
in  Czech  Republic,  flegmatizers,  igniting  composition  and  primacords.  RDX  can  be  also 
very  important  in  the  forensic  analysis  due  to  its  application  as  a  component  of  military 
explosives,  industrial  initiating  charges  and  special  detonating  fuses  or  detonators  1  '.  The 
structures  of  tested  explosives  are  shown  on  the  Fig.  1. 


1;  2,4-DNT  NQ2 


MO3 


(^H20N02 

o2noh2c —  c — CH20N02 
ch2ono2 


3;  PETN 


4;  RDX 


o2N/ 


xno2 


Fig  1.  Chemical  structures  of  investigated  explosives 
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2.2  Liquid  chromatography-mass  spectrometry  (LC-MS)  conditions 

All  analyses  were  performed  by  means  of  Agilent  1100  series  LC-MSD  system  with  the 
atmospheric  pressure  chemical  ionization  (APC1)  source,  in  the  negative-ion  mode.  The  used 
chromatographic  and  mass  spectrometric  conditions  are  shown  below. 

Chromatographic  conditions: 

Column:  Zorbax  Eclipse  XDB-C8;  4,6  x  150  mm;  5  pm  (Agilent  Technologies) 

Mobil  phase:  Methanol/water;  70:30,  v/v,  with  addition  of  ammonium  chloride  and 
formic  acid 

Flow  rate:  1  ml/min 


Injection  vol.:  20  pi 


MS  conditions: 

Source: 

APCI 

Mode: 

SCAN  and  SIM 

Ionization  polarity: 

Negative 

Capillary  voltage: 

3000  V 

Nebulizer: 

60  psi 

Vaporizer  temp: 

300  °C 

Dry  gas  flow: 

5  l/min 

Drying  gas  temp: 

330  °C 

Fragmentor: 

30  V 

2.3  Ion  mobility  spectrometry  (IMS) 

The  ion  mobility  spectrometer  (IMS)  of  explosives  and  drugs  used  in  this  work  was  a 
Barringer  Ionscan  M  400  (Barringer  Instruments,  Inc.).  All  explosive  plasmagrams  were 
obtained  in  negative-ion  mode.  The  carrier  and  drift  gases  were  Air/air  at  atmospheric 

-j  _ i  #  o  #  _ 1 

pressure.  The  drift  flow  was  353  cm  min  with  a  224  cm  min  sample  flow.  The  inlet 
temperature  and  drift  tube  temperature  were  constant  during  the  experiment  at  236  and  108 
°C,  respectively.  The  desorber  heater  was  held  constant  at  220  °C  for  the  detection  of 
explosives.  The  prepared  standards  of  explosives  were  deposited  on  fiberglass  IMS  sample 
filters  and  the  filters  were  then  placed  in  the  IONSCAN  for  insertion  into  the  IMS.  It  isn’t 
suitable  for  the  analysis  of  ethylene  glycol  dinitrate.  Total  time  of  analysis  was  6,6  s. 

2.4  Gas  Chromatograph  with  Electron  Capture  Detector  (GC-ECD) 

The  standards  of  explosives  (TNT,  DNT,  RDX  and  PETN)  were  analyzed  on  a 
Hewlett  Packard  5890  II  chromatograph,  using  a  capillary  column  HP-5  of  5  m  length,  0.53 
mm  inner  diameter,  and  0.88  pm  film  thickness.  An  electron  capture  detector  (ECD)  was 
used  for  the  detection,  and  the  carrier  gas  was  nitrogen  of  20  kPa  overpressure.  The  sample 
(1  pi)  was  injected  directly  (on-column),  the  injector  temperature  being  70  °C.  The 
temperature  regime  was  as  follows:  the  column  was  kept  at  70  °C  for  1  min,  whereupon  the 
temperature  was  increased  at  a  rate  of  15  °C/min  to  150  °C,  and  5  °C/min  to  230  °C,  and  this 
final  temperature  was  kept  for  8  min. 
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3. 


RESULTS  AND  DISCUSSION 


Stock  solutions  of  individual  explosives  (DNT,  TNT,  PETN  and  RDX)  were  made  in 
methanol  p.a.  Standard  mixtures  were  prepared  by  diluting  the  stock  solution  to  a  final 
concentration  as  necessary. 

3.1  LC-APCI/MS  analysis  of  explosives 

First  the  scan  negative-ion  APCI  mass  spectra  of  all  explosives  were  measured  in  order 
to  find  out  the  limits  of  detection  (LOD)  of  DNT,  TNT,  PETN  a  RDX  and  major  ions 
occurring  in  these  spectra,  too.  Than  three  major  ions,  which  were  selected  in  scan  mode, 
were  followed  in  Selected  Ion  Monitoring  (SIM)  APCI  mass  spectra  at  lower  concentrations. 
This  method  was  used  to  compare  the  sensitivity  both  of  these  methods.  In  SIM  mode  limits 
of  detection  were  not  searched. 

The  full  scan  negative-ion  APCI  mass  spectra  of  the  DNT  contain  three  major  ions  at 
m/z  181,  182  and  183.  The  ion  at  m/z  182  was  the  molecular  ion  [M]\  DNT  also  creates 
intensive  peaks  of  deprotonated  [M-H]'  and  protonated  molecular  ions  [M+H]"  at  m/z  181 
and  183,  respectively.  Method  detection  limit  of  DNT  was  3  ppm  (Fig.  2A).  APCI  mass 
spectrum  of  DNT  in  SIM  mode  is  shown  on  the  Fig.  2  B.  The  sensitivity  of  MS  detector  was 
increased  using  SIM  mode  in  the  analysis  of  DNT  (0,2  ppm).  Fig.  2C  shows  the  APCI  mass 
chromatograms  of  DNT  and  its  individual  ions  in  SIM  mode. 

The  mass  spectra  of  TNT  were  all  characterized  by  the  molecular  ions  [M]"  at  m/z  227. 
The  typical  ions  of  TNT  are  deprotonated  molecular  ions  [M-H]"  at  m/z  226.  The  m/z  227  of 
TNT  produced  major  fragment  ions  [M-NO]"  at  m/z  197,  which  is  caused  by  the  loss  of  30 
mass  units  (-NO).  Fimit  of  detection  for  TNT  was  1  ppm  (Fig.  3  A).  The  sample  of  TNT  with 
the  concentration  of  0,2  ppm  was  detected  in  SIM  mode  (Fig.  3B).  Fig.  3C  shows  the 
negative  ion  APCI  mass  chromatograms  of  TNT  and  its  individual  ions  in  SIM  mode. 

At  the  identification  of  PETN  and  RDX  ammonium  chloride  as  an  additive  was  used. 
Except  for  two  nitroaromatic  explosives  (DNT,  TNT),  which  had  [M]"  and  [M-H]"  ions  as 
the  top  ions,  the  other  tested  explosives  (PETN  and  RDX)  especially  formed  adduct  ions 
[M+Cl]" . 

PETN  produced  predominant  ions  at  m/z  351  and  353.  This  ions  are  attributed  to  the 
35C1  and  37C1  isotope  peaks  for  [M+Cl]" .  The  ratio  of  35C1  and  37C1  isotopes  is  75,53:24,47 
and  that’s  why  the  relative  abundance  of  adduct  ions  in  mass  spectra  will  be  approximately 
in  the  rate  of  3:1.  The  mass  spectra  of  PETN  obtained  also  the  other  ions.  The  most 
important  of  them  was  ion  [M-H]‘  at  m/z  315.  The  molecular  ions  at  m/z  316  failed  in 
spectra  of  PETN.  The  ion  at  m/z  378  originated  probably  by  thermally  decomposition  of 
molecules  of  PETN  owing  to  the  high  temperature  (300  °C)  to  -ONCE  (NO3)  and  was 
accompanied  by  autoionization  to  [M+NO3]"  (378).  Mass  spectrum  of  PETN  was  also 

or 

characterized  by  the  presence  of  two  fragment  ions  at  m/z  304  [M-HNO2+  Cl]"  and  306  [M- 
HNO2+  Cl]".  Ammonium  chloride  produced  good  sensitivity  of  adduct  ion  formation.  LOD 
of  PETN  in  full  scan  mode  was  12  ppm  (Fig.  4A).  After  having  selected  three  top  ions 
obtained  from  scan  mass  spectra  of  PETN,  SIM  method  at  lower  concentration  was  tested. 
Fig.  4B  and  4C  show  APCI  mass  chromatogram  of  PETN  and  its  mass  spectrum  in  SIM 
mode. 

With  the  addition  of  NH4CI,  [M+Cl]"  ions  dominated  in  the  mass  spectra  of  RDX.  The 
mass  spectrum  shows  (Fig.  5B)  ions  [M  +  35C1]‘  and  [M  +  37C1]‘  at  m/z  257  and  259.  In  mass 
spectra  of  RDX  molecular  ions  at  m/z  222  weren’t  present.  Adduct  ions  at  m/z  258,  260,  267 
and  268  were  [M+35C1+H]",  [M+37C1+H]",  [M+NCb-H]"  and  [M+N02]". 
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The  LOD  for  RDX  under  full  scan  conditions  was  found  3  ppm  (Fig.  5  A). 

Table  1  includes  retention  times,  mass  spectral  ions  and  limits  of  detection  of 
investigated  explosives  in  LC-APCI/MS. 

Table  1.  Mass  spectral  ions  and  LOD  of  tested  explosives  with  addition  ofNH4Cl 


Explosive 

Mr 

Retention  time 
(min) 

Major  ions  with 
NH4C1 

LOD  (mg/1) 

DNT 

182 

3,34 

[M]-,  [M-Hf, 
[M+Hf 

3 

TNT 

227 

2,90 

[M]-,  [M-H]-, 
[M-NOf 

1 

PETN 

316 

4,25 

[M-H]',  [M+35C1]', 
[M+37C1]- 

12 

RDX 

222 

2,05 

[M+35C1]‘, 

[M+37C1]“ 

3 

APCi,  Neg,  Scan.  Frag:  30 


3 _ 3.5 

>C(,  Neg,  SIM,  Frag:  30 


APCI,  Neg,  SIM,  Frag:  30 


MSD1  181,  EIC=1 80. 7:181.7  APCI,  Neg,  SIM,  Frag:  30 


MSD1  182,  E1C=181 .7:182.7  APCI,  Neg,  SIM,  Frag:  30 
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Fig  2.  Negative  ion  APCI  mass  chromatogram  of  3  ppm  DNT  m  SCAN  mode 
(A),  its  mass  spectrum  in  SIM  (B)  and  APCI  mass  chromatogram 
of  0,2  ppm  DNT  with  its  individual  ions  at  m/z  181,  182  and  183  (C) 
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Fig  3.  Negative  ion  APCI  mass  chromatogram  of  1  ppm  TNT  in  SCAN  mode 
(A),  its  mass  spectrum  in  SIM  (B)  and  APCI  mass  chromatogram  of  0,2 
ppm  TNT  with  its  major  ions  at  m/z  197,  226  and  227  (C) 


Fig  4.  Negative  ion  mass  chromatogram  of  12  ppm  PETN  in  SCAN  mode  (A) 
and  3  ppm  PETN  in  SIM  mode  (B)  and  its  mass  spectrum  with  addition 
of  NH4C1  (C). 
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Fig  5.  Negative  ion  mass  chromatogram  of  3  ppm  RDX  in  SCAN  mode  (A) 
and  its  mass  spectrum  with  addition  of  NH4C1  (B) 

3.2  Detection  of  explosives  by  means  of  ion  mobility  spectrometry 
(IMS) 

There  was  determined  the  sensitivity  of  IMS  in  analysis  of  series  of  explosives  (DNT, 
TNT,  PETN  and  RDX).  Fig.  6  shows  the  chromatograms  obtained  by  the  IONSCAN  M  400 
for  mixture  of  explosive  samples  (1  ppm  (A)  and  3  ppm  (B)  of  each  explosive). 

Ionscan  Model  400  couldn’t  detect  DNT  which  is  connected  with  the  options  of  analysis 

2  11 

conditions  by  manufacturer.  [TNT-H]’  with  the  reduced  mobility  K0  =  1,45  cnr.V'  .s’  was 
the  characteristic  ion  for  TNT  plasmagram. 

The  reactant  ions  in  air  and  at  negative  polarity  are  hydrated  CE  .  Ions  O2’  cause  proton 
abstraction  of  molecules  to  [M-H]’  according  to  the  Equation  1 . 

02"  +  M  — »  M.Of  (heat)  [M-H]  +  H02  (1) 

Mass  identification  of  TNT  and  other  explosives  weren’t  performed,  identification  of 
TNT  ions  was  obtained  on  the  basis  of  literature  ,14’ 151 . 

At  concentration  3  ppm  in  explosive  mixture  all  investigated  explosives  were  detected. 
Mobility  spectra  of  PETN  contained  two  ions  at  Ko  =  1,15  cnr.V’1. s’1  (PETN-C)  and  Ko  = 
1,10  cnr.V’  .s’  (PETN-N).  In  cases  of  RDX,  its  mobility  spectra  contained  also  two  ions  at 
Ko  =  1,39  cnr.V’1. s’1  (RDX-C)  and  K«  =  1,31  cnT.V’V1  (RDX-N  or  RDX-NO3).  Results 
from  IMS  analyses  of  standard  solutions  (TNT,  PETN  and  RDX)  and  their  typical  ions  are 
included  in  Tab.  2. 
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Table  2.  Summary  of  IMS  response  to  TNT,  PETN  and  RDX 


Explosive 

Channel 

Amount 

(mg/1) 

K0 

(cnP.V'hs1) 

Drift  time 

(ms) 

Typical  ion 

TNT 

TNT 

3 

1,45 

13,03 

[TNT-H]" 

PETN 

PETN-N 

1 

1,10 

17,08 

U 

PETN-C 

1,15 

16,39 

U 

RDX 

RDX-N/NO3 

1 

1,31 

14,35 

U 

RDX-C 

1,39 

13,57 

U 

Notice:  U  -  unidentified 


Fig  6.  Negative  ion  spectra  of  TNT,  RDX  and  PETN  for  mixture  of  each 
explosives  (A  -1  ppm  and  B-3  ppm)  obtained  by  using  ION  SCAN 


683 


3.3  Sensitivity  of  GC-ECD  in  analysis  of  explosives 

We  measured  standard  of  explosives  (technical  DNT,  technical  TNT,  PETN  and  RDX) 
by  means  of  GC-ECD  in  order  to  determine  the  sensitivity  of  electron  capture  detector  in 
combination  with  gas  chromatography.  Limits  of  detection  (LOD)  were  determined  by 
evaluation  of  obtained  response  of  individual  explosives.  Practically  LOD  presents  an 
indicated  value  of  concentration,  at  which  the  peak  height  is  three-times  higher  than  a  noise 
of  the  basic  line.  Determination  of  LOD  at  LC-APCI/MS  was  also  based  on  this  rule. 

The  results  of  measurements  are  summarized  in  Table  3.  Retention  times  for  the  chosen 
types  of  explosives  were  3,607  min  (2,6-DNT),  4,141  min  (2,4-DNT),  4,564  min  (3,4-DNT), 
5,509  min  (TNT),  6,223  min  (PETN)  and  6,674  min  (RDX).  Pig.  7  shows  the  chromatogram 
obtained  by  the  GC-ECD  technique  for  mixture  of  explosives  (1  ppm  of  each  explosive). 

Table  3.  The  detection  limits  for  the  investigated  explosives 


Explosive 

Limit  of  detection  (mg/1) 

DNT 

0,1 

TNT 

0,05 

PETN 

0,5 

RDX 

0,5 

4  0 


Fig  7.  GC-ECD  chromatogram  of  explosive  mixtures  (1  ppm  of  each  explosive) 
Peaks:  (1)  2,6-DNT,  (2)  2,4-DNT,  (3)  3,4-DNT,  (4)  2,4,6-TNT,  (5)  PETN 
and  (6)  RDX 
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The  GC-ECD  chromatograms  of  technical  TNT  a  DNT  included  three  good 
recognizable  peaks  of  DNT,  namely  2,6-,  2,4-  and  3,4-isomers.  The  presence  of  isomeric 
mixture  of  DNT  is  typical  for  industrially  produced  explosives. 

4.  CONCLUSION 

The  aim  of  this  work  were  the  applications  of  LC-APCI/MS  technique  in  trace  analysis 
of  common  explosives  and  the  comparison  of  the  sensitivity  of  this  technique  with  GC-ECD 
technique  and  IMS  technique.  There  were  also  made  library  of  the  characteristic  mass 
spectrum  with  atmospheric  pressure  chemical  ionization  (APCI)  for  DNT,  TNT,  PETN  and 
RDX.  It  was  made  due  to  their  use  in  analysis  of  post  explosion  residues. 

The  analyses  of  standard  mixtures  showed  that  the  LOD  of  LC-APCI/MS  technique  for 
explosive  compounds  is  at  intervals  1-12  ppm.  There  was  also  used  method  of  “Selected 
Ion  Monitoring”  (SIM),  which  allowed  us  to  increase  the  sensitivity  of  LC/MS  four  to  fifteen 
times  in  the  analyses  of  investigated  explosives,  whereas  their  LOD  weren’t  searched  in  this 
method.  Very  low  limit  of  detection  of  SIM  method  offers  considerable  possibilities 
everywhere,  where  it  is  necessary  to  solve  problems  of  qualitative  and  quantitative  analysis 
of  explosives  in  low  till  trace  concentrations. 

The  conclusions  resulting  from  the  measured  standards  showed  that  Ionscan  can  be  used 
to  the  orientation  identification  of  organic  explosives.  Low  limits  of  detection  at  TNT,  PETN 
and  RDX  were  provided  by  chemical  ionization  at  atmospheric  pressure  in  negative  ion 
mode.  IMS  gives  low  LOD  and  short  times  of  analyses  (6,6  s).  This  single  method  is  on  the 
other  hand  insufficient  to  the  confirmation  of  results  from  the  analysis  of  explosive  residues, 
it  is  necessary  to  use  other  methods  (GC-ECD  or  LC/MS  etc.). 

The  electron  capture  detector  in  combination  with  gas  chromatograph  (GC-ECD) 
provided  good  results  in  the  analysis  of  two  nitroaromates  (DNT,  TNT),  crystal  nitroester 
(PETN)  and  nitramine  (RDX).  GC-ECD  technique  is  more  sensitive  than  the  LC-APCI/MS 
technique  in  full  scan  mode.  The  ECD  seemed  to  have  been  suitable  for  the  trace  analyses  of 
explosives  and  explosive  residues  due  to  its  high  sensitivity.  The  advantage  of  LC-APCI/MS 
technique  is  an  identification  facility  of  post-explosion  residues  on  the  basis  of  mass 
spectrum  in  complicated  matrix. 
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Abstract: 

This  paper  mentioned  the  main  requirements  on  “green  ”  energetic  materials  and  the 
priorities  in  specific  programs  in  R&D.  In  this  connection  with  these  new  requirements 
are  principles  of  Life-Cycle-Analysis  (LCA)  and  Life-Cycle-Costs  (LCC)  applicated. 
Possible  use  of  these  methods  for  costs  reduction  of  new  GEM  during  whole  GEM’s 
lifetime  is  discussed. 

Keywords:  life-cycle-assessment ,  life-cycle-analysis,  life-cycle-cost, 

„  green  “  energetic  materials  (GEM) 


1.  INTRODUCTION 

Research  and  development  (R&D)  of  new  energetic  materials  (EMs)  has  been 
concentrating  on  several  areas  in  the  last  two  decades.  The  main  requirement  still  dominating 
is  increase  in  volume  energy.  Another  requirement,  especially  concerning  the  products  of 
explosion  transformation,  is  environmental  friendliness.  Due  to  a  number  of  unexpected 
incidents,  induced  by  action  of  outer  impulses,  there  emerged  a  pressure  to  produce 
insensitive  EMs  meeting  the  requirement  for  low  vulnerability  ammunition  (LOVA,  IM).  In 
the  last  decade,  R&D  projects  have  been  appearing  and  dealt  with  that  are  generally  referred 
to  as  green  energetic  materials  (GEMs).  These  projects  are  basically  oriented  to  removal  or 
at  least  substantial  restriction  of  occurrence  of  toxic  and  harmful  substances  within  the  whole 
lifetime  of  EM,  from  their  production  to  their  liquidation.  The  above-mentioned 
requirements  are  complemented  by  the  problem  of  production  costs  of  these  materials:  from 
the  said  requirements  it  clearly  follows  that  the  substances  fulfilling  (or  almost  fulfilling)  all 
the  criteria  will  be  distinctly  more  expensive  than  classic  EMs  in  the  time  period  of  their 
introducing  into  general  use.  However,  this  does  not  mean  that  after  a  period  of  20-25  years 
(presumed  length  of  military  application)  they  will  be  destroyed  or  depreciated,  because  the 
stability  of  most  individual  EMs  reaches  up  to  hundreds  of  years.  In  the  following  text  we 
will  try  to  give  the  relevant  factors  affecting  the  price  of  GEMs  in  the  course  of  their 
lifetime. 
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2.  THE  MAIN  REQUIREMENTS  FOR  GEMs  AND  PRICE 

The  main  characteristics  of  GEMs  were  specified  1,1  in  the  following  way: 

■  minimizing  of  use  and  liberation  of  toxic  materials  throughout  their  lifetime 

■  content  of  easily  identifiable  level  at  which  they  still  can  act  as  EMs 

■  they  must  be  easily  disarmed  and  reused 

Also  their  potential  benefits  were  specified: 

■  minimisation  of  unexpected  incidents 

■  a  reduced  cost  and  reduced  influence  on  the  environment 

■  bio-degradation  in  the  environment 

■  easy  dismantling  and  resource  recovery 

There  of  course  also  exists  the  requirement  of  high  performance  or  high  content  of 
usable  energy  per  volume  unit. 

In  particular  projects  f2'  the  abovementioned  general  requirements  are  specified  by 
outlining  clear  priorities,  such  as: 

■  elimination  of  organic  solvents  from  the  production  and  disarming  operations 
(e.g.  by  application  of  liquid  or  supercritical  CO2) 

■  elimination  of  emissions  of  hydrochloric  acid 

■  elimination  of  liquidation  of  EMs  by  combustion  or  detonation 

■  orientation  of  R&D  to  energetic  thermoplastic  elastomers  (TPE)  and  easily 
hydrolysed  EMs 

■  recycling  of  components  of  GEMs 

■  development  of  environmental  cost  predicting  methods 

All  GEM  products  (propellants  and  high  explosives)  should  exhibit  the  so-called  R 
characteristics  (recover,  recycle,  reuse).  The  present  approach  to  prediction  of  new  EMs  was 
presented  in  an  excellent  review  ,3'  focused  on  prediction  of  stability  and  sensitivity  of  new 
structures.  This  approach  results  in  both  acceleration  of  R&D  and  decrease  in  costs.  Another 
example  that  can  be  given  is  working  out  of  the  multi-step  synthesis  of  trinitroazetidine  141 
(TNAZ)  in  which  the  amount  of  wastes  was  lowered  from  15.7  kg  to  3.7kg  (per  1  kg 
product). 

3.  LCA  METHOD  (LCC) 

In  order  to  find  out  all  possible  impacts  on  the  environment  it  is  necessary  to  provide  an 
evaluation  and  life  cycle  analysis  (LCA)  of  existing  EM  and  potential  GEM  products.  The 
LCA  method  is  a  systematic  analysis  serving  for  estimation  of  impacts  on  the  environment 
and  human  health  within  the  whole  lifetime  from  procurement  of  the  starting  materials  for 
production  till  the  end  of  lifetime  and/or  final  application  |S|.  Generally,  the  following  life 
phases  can  be  identified  for  each  product:  Raw  material  procurement,  manufacturing, 
distribution,  consumer  use,  and  post-consumer  use  (see  Fig.  1). 
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Raw  material 
procurement 


Product  downsizing 
Extensive  recycling 


Post-Consumer  use 

■  Products  designed  for 
easier  recycling 

■  Lower  amounts  of 
environmentally 
harmful  substances 

A 

Consumer  use 

■  Products  that  consume 
less  power 

■  Reduced  use  of  auxiliary 
materials  (products  that 
require  less  use  of  water, 
detergent  and  other 
materials) 


Manufacturing 

■  Energy  conservation 

■  Conservation  and 
recycling  of  raw  materials 

«  Measures  to  prevent  air, 
water  and  underground- 
water  pollution 

► 

Distribution 

■  Simplified  packaging 

■  Efficient  distribution 

■  Use  of  low-pollution 

delivery  vehicles 


Fig  1.  Life  cycle  phases  f6' 


At  the  beginning  of  LCA  it  has  to  be  specified  for  what  purposes  the  method  is  going  to 
be  worked  out  and  what  its  aims  should  be,  which  can  be  represented  by  generally 
formulated  requirements  that  the  GEM  should  meet  (as  those  given  in  Introduction)  or  by 
simple  lowering  of  costs  f?l.  The  next  step  consists  in  determining  the  individual  raw  material 
and  energy  inputs  and  solid,  liquid  and  gaseous  wastes  occurring  at  the  output.  Basically  this 
means  a  qualitative  and  quantitative  expressing  of  all  inputs  and  outputs,  or  assembling  of 
primary  data  and  evaluation  of  their  quality,  i.e.  credibility,  reproducibility  and  transparency. 
As  the  system  at  hand  is  complex  and  large,  it  is  suitable  to  divide  it  into  smaller  subsystems 
and  systematically  proceed  from  one  subsystem  to  the  next  and  gather  data  on  effects  on  the 
environment  (LCA)  and  financial  impacts  connected  with  these  effects.  The  necessary  data 
that  quantify  these  streams  are  most  frequently  obtained  by  direct  measurements  at  the 
respective  sites,  calculations,  informed  guesses  and,  as  the  case  may  be,  discussions  with 
experts  directly  involved  in  handling  with  EMs. 

Then  it  is  possible  to  evaluate  impacts  on  the  environment  and  human  health,  which 
includes  a  connection  between  specified  inputs  and  outputs  in  each  phase  of  life  cycle  and 
the  environmental  problems  and  their  subsequent  financial  expression.  This  step  is  connected 
with  several  problems  too  serious  for  the  LCA  method  to  be  applied  without  difficulties.  If 
the  LCA  should  be  finished  in  the  form  providing  information  about  all  the  inputs  and 
outputs  (i.e.  inclusive  of  the  indirect  or  induced  ones  -  the  so-called  effects  of  higher  orders) 
it  would  inevitably  require  an  enormous  body  of  data  and  additional  information,  not  only 
from  the  area  of  EMs.  In  this  phase  it  is  usual  to  carry  out  the  so-called  standardisation, 
when  the  contributions  of  individual  effects  in  the  same  category  (e.g.  air  pollution)  are 
reduced  to  a  common  denominator  by  means  of  conversion  coefficients.  A  suitable  standard 
is  chosen  for  each  category,  and  the  equivalent  unit  is  determined  to  which  the  values  of  all 
quantitatively  identical  effects  should  be  converted  (e.g.  particularly  for  air  pollution,  this 
can  be  represented  by  1  kg  carbon  dioxide).  After  the  standardisation,  there  usually  follows 
the  so-called  normalisation,  which  takes  into  account  relative  harmfulness  of  individual 
effects  for  the  given  locality  181 . 
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The  last  phase  of  LCA  should  include  the  evaluation  of  impact  of  EM  on  the 
environment,  which  basically  means  determination  of  mutually  relative  significance  of  all 
the  partial  burdens.  The  evaluation  procedure  very  often  depends  on  the  aim  and  purpose  of 
a  given  study. 

4.  APPLICATIONS  OF  LCA  (LCC)  TO  GEMs 

For  purposes  of  GEMs  as  defined  at  the  beginning  it  would  be  sufficient  (for  the  time 
being)  to  focus  attention  on  the  life  cycle  costs  (LCC)  with  precise  definition  of  the  system 
extent  in  which  the  costs  and  revenues  are  to  be  estimated.  A  significant  or  at  least 
noticeable  improvement  can  be  expected  even  from  a  relatively  simple  analysis,  as  far  as  it 
provides  information  for  estimation  of  LCC  within  a  given  period  for  a  defined  unit  of  EM 
(functional  unit).  On  the  basis  of  such  information,  it  would  be  possible  to  evaluate  the 
existing  EMs  and  to  find  out  the  life  cycle  phases  in  which  higher  costs  are  encountered  and 
where  these  costs  must  be  lowered  in  the  cases  of  new  GEMs. 

In  our  simple  study  (a  sort  of  pre-LCA)  we  have  not  yet  defined  a  functional  unit  and  not 
yet  tried  to  precisely  delimit  the  limitations  of  system.  We  are  trying  to  get  the  narrowest 
possible  view  of  the  EM  with  regard  to  relevancy  and  credibility  of  results.  We  are  more 
interested  in  evaluation  of  the  most  fundamental  inputs  and  outputs  in  the  area  of  EMs  and 
GEMs.  The  aim  is  to  specify  the  impacts  in  individual  phases  of  lifetime  of  products  and 
determination  of  individual  acting  effects,  inclusive  of  their  anticipated  impact  on  LCC. 
However,  we  express  these  impacts  only  approximately  on  the  basis  of  informed  guess  with 
respect  to  the  broad  spectrum  of  GEMs. 

A  more  clear  treatment  will  perhaps  be  possible  with  help  of  Table  1  (see  Appendix  1), 
representing  individual  steps  from  the  existing  situation  till  implementation  of  GEMs, 
inclusive  of  the  anticipated  impacts  connected  with  the  transition  to  applications  of  GEMs. 

As  already  mentioned  above,  it  is  presumed  that  the  costs  in  the  first  phases  of  lifetime 
of  a  product  will  be  increased,  which  is  also  confirmed  by  the  estimate  of  per  cent  increase  in 
the  phases  of  raw  materials  procurement  and  production.  This  has  its  rationale,  taking  into 
account  higher  costs  inevitably  connected  with  necessary  R&D  on  new  technologies  for 
procurement  of  raw  materials.  The  production  itself  will  need  R&D  on  new  procedures  and 
technologies  and/or  modification  of  the  existing  equipment,  which  will  result  in  an  increase 
in  investment  costs.  This  financially  negative  impacts  can  be  somewhat  compensated  by  the 
overall  lower  risks  connected  with  application  of  the  new  raw  materials,  which  should  show 
higher  stabilities  (the  aspect  of  risks  in  handling)  as  well  as  lower  risks  for  the  environment 
and  human  health. 

For  this  increase  to  be  acceptable  for  the  manufacturer  and  consumer,  it  will  be 
necessary  to  state  whether  the  mentioned  increase  in  pre-manufacturing  and  manufacturing 
phases  will  be  compensable  by  costs  decrease  during  later  phases  of  the  life  cycle.  Already 
the  distribution  and  storage  of  EMs  can  bring  savings  resulting  from  lower  risks  and  higher 
stabilities  of  GEMs.  In  the  application  itself  of  GEMs,  these  properties  (stability  and  lower 
risks  in  handling)  positively  affect  their  economy.  In  addition  to  that,  lowering  of  waste 
materials  amount  considerably  lowers  the  ecological  and  thus  also  economical  burden. 
However,  on  the  other  hand,  we  must  point  out  a  possible  lowering  in  performance  of 
GEMs.  Despite  the  trends  oriented  to  reaching  the  highest  possible  volume  energy,  the 
nearest  future  will  probably  see  results  that  are,  at  the  most,  comparable  with  the  current 
EMs,  and  the  performance  of  GEMs  will  reach  that  of  the  existing  EMs  at  the  most. 

The  last  phase  of  life  cycle  can  undoubtedly  be  connected  with  the  highest  economical 
and  ecological  profits.  Even  the  simple  liquidation  by  detonation  or  combustion  should  bring 
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savings  following  from  minimisation  of  liquidation  of  wastes  and  lower  risk  degree.  A  much 
higher  economical  effect  is  connected  with  recycling  of  individual  components  of  GEMs. 
Already  at  present,  there  exist  GEMs  whose  recycling  allows  obtaining  of  up  to  95%  of 
effective  components  121 ,  and  it  is  presumed  that  this  situation  will  further  improve.  This 
would  possibly  compensate,  to  a  large  extent,  the  use  of  financially  less  favourable  materials, 
as  they  can  be  further  economically  utilised.  However,  it  must  not  be  forgotten  that  the 
development  and  production  of  recycling  technologies  and  apparatus  will  need  investment 
costs,  and  that  the  operation  itself  of  such  apparatus  connected  with  recycling  of  the 
components  will  also  need  operation  costs.  Therefore,  it  is  required  that  structure  of  GEMs 
should  make  potential  recycling  easy  and  financially  acceptable.  Another  financially 
interesting  opportunity  is  offered  by  utilisation  of  current  GEMs  as  raw  materials  for 
manufacturing  of  other  products  (e.g.  fertilisers  due  to  possible  bio-degradation).  It  is 
understandable  that  the  utilisation  of  GEMs  at  the  very  end  of  their  life  cycle  should  be 
known  as  early  as  the  start  of  R&D  on  a  new  GEM  and  at  the  moment  of  planned  initial 
costing  at  the  latest. 

At  present,  research  work  is  ongoing  into  methods  of  determination  of  LCC  for  newly 
created  GEMs.  Since  the  period  of  manufacturing  and  particularly  effective  utilisation  of 
EMs  reaches  to  20  or  even  30  years,  it  is  necessary  to  take  into  account  the  time  factor. 
However,  substantial  simplifications  are  unavoidable,  because  any  predictions  within  such 
extensive  time  periods  are  very  difficult.  For  instance,  such  an  interesting  method  was 
created  by  MURAT  Club  under  the  name  Cost  Benefit  Analyses  (CBA)  ,9'. 

5.  CONCLUSION 

The  requirements  to  be  met  by  environmental  properties  of  EMs  are  bringing  about 
changes  in  all  phases  of  life  cycle.  As  the  economical  aspect  is  significant  for  these  changes, 
it  is  absolutely  necessary  to  quantify  economical  and  ecological  impacts  in  the  individual 
phases  of  the  life  cycle.  From  this  point  of  view,  the  LCA  and/or  LCC  methods  appear  to  be 
suitable  tools  for  such  evaluation.  In  addition,  if  correctly  carried  out,  they  can  provide 
important  information  concerning  the  question  whether  the  application  of  new  “Green”  EMs 
will  be  connected  with  an  increase  in  prices  of  these  materials  or  it  will  be  possible  to 
produce  such  GEMs  that  will  simultaneously  offer,  besides  the  environmentally  friendliness, 
also  economical  advantages,  being  equally  costly  as,  or  even  less  costly  than  the  existing 
EMs.  We  can  state  that  carrying  out  of  LCC  analysis  inclusive  of  its  evaluation  should  be 
one  of  the  tools  for  deciding  to  start  R&D  on  newly  designed  GEMs  and,  at  the  same  time, 
the  LCC  should  serve  as  a  control  mechanism,  which  should — in  every  phase  of  life  cycle — 
compare  the  calculated  environmental  and  economical  impacts  with  the  achieved  ones  in 
order  to  find  out  whether  the  former  ones  are  being  really  attained. 


691 


REFERENCES 


[1]  The  Keystone  Center:  National  policy  dialogue  on  military  munitions,  Final  report,  USA,  Sept, 
2000 

[2]  L.  NOCK,  D.  Porada,  G.  King:  Green  Energetic  Materials  (GEM)  -  A  Program  Overview, 
JANNAF  30th  propel,  develop.  &  charact.  subcom.  meeting,  CPIA  Publ.  708,  Vol.  1,  Colorado, 
pp.  1-12,  March  2002 

[3]  L.E.  Fried,  M.R.  Manaa,  P.F.  Pagovia,  R.L. Simpson:  Design  and  Synthesis  of  energetic 
materials,  Annu.  Rev.  Mater.  Res.  2001,  31,  p.291-321,  2001 

[4]  M.D.  COBURN,  M.A.Hiskey,  T.G.Archibald:  Scale-up  and  waste-minimization  of  the  Los 
Alamos  process  for  1,3,3-trinitroazetidine  (TNAZ),  Waste  Management,  17,143,  1997 

[5]  S.  SCHALTEGGER,  R.  BURRITT:  Contemporary  Environmental  Accounting,  Greenleaf 

Publishing  Limited,  Sheffield,  UK,  2000 

[6]  D.  M.  BOJE:  Green  Life  Cycle  and  Accounting  Praxis,  web  pages: 

http://web.nmsu.edu/~dboje/TDgreenlifecycle.html,  October  1999 

[7]  Sustainability,  SPOLD  (Society  for  the  promotion  of  LCA  Development,  Business  in  the 
Environment:  The  LCA  Sourcebook,  London,  England,  1993 

[8]  Ministerstvo  zivotniho  prostredi:  Posuzovam  zivotmho  cyklu  LCA,  Praha,  2003 

[9]  P.  Lamy,  Ch.  Airault,  COL  C.  Lacroix:  Cost/Benefit  Analysis  of  MURAT  Using  Club 

MURAT  ACB  Software,  2001  Insensitive  Munition  &  Energetic  Materials  Technology 
Symposium,  Bordeaux,  Trance,  October  2001 


692 


APPENDIX  1 


Table  1.  Steps  from  existing  EM  to  GEM  and  related  economic  impacts 


Phase  of  life 
cycle 

The  most  important  EM 
characteristics 

Costs  related  with 
characteristics  of  existing 
EM 

Steps  to  "Green"  EM 

Impact  related  with 
steps  to  GEM 

Estimated  costs  (revenues) 
changes 

Raw  material 
procurement 

existing  resources 
existing  technology 
plain  procurement 

lower  costs 

lower  costs 

lower  costs 

alternative  (new)  resources 
-difficult  manufacturing 
-new  technolology 
-new  procurement  method 

expensive  R&D, 
costs  increasing  related 
with  "green"  methods  of 
material  procurement 

cost  increasing  about 

100  -200  % 

Manufacturing 

existing  technology 
existing  equipment 
danger  manufacturing 

lower  costs 

lower  costs 

higher  costs  related  with 
handling  and  health  protection 

new  technology 
new  equipment 
safe  manufacturing 
and  handling 

investment  requirements 
lower  manipulation  risks 

and  lower  risks  for 

human  health 

cost  increasing  about  40-60  % 
cost  decreasing  about  80-90  % 

Distribution 
and  storage 

sensitivity  of  products 

-  distribution  risks 

-  toxicity  at  long-term 
storage 

higher  costs  related  with: 

distribution 

storage  security 

stable  materials 

low  danger 

-  of  debasing  (explosion) 

-  for  human  health 

cost  decreasing  about  30-50  % 
cost  decreasing  about  30-50  % 

Consumer  use 

wastes  production 

manipulation  risks 

decontamination  costs 

manipulation  costs 

green  product 

lower  product  performance 

stable  materials 

lower  wastes  production 
lower  performence 
lower  danger  for 

consumers 

cost  decreasing  about  80-90  % 
cost  increasing  about  5-10  % 
cost  decreasing  about  30-50  % 

Post-Consumer 

use, 

liquidation, 

recycling 

decontamination 

liquidation  by  detonation 

liquidation  by  combustion 

other  reusing  (sale) 

etc. 

decontamination  costs 

liquidation  costs 

liquidation  costs 

revenues  from  sales 

reusing  of  materials 

"safe"  material  usage 

material  recycling  process 

simple  liquidation  reducing 
material  recycling 

safe  disarming 

utilization  of  current  GEMs 

(no  adaptation  needed) 
new  technology  and 
operation  costs 

cost  decreasing  about  60-80  % 
sales  revenues  (up  to  80-90  % 
of  original  material  costs) 
cost  decreasing  about  60-80  % 
higher  revenues  about  30-50  % 

cost  increasing  about  20-40  % 
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Abstract: 

This  short  survey  is  to  provide  some  important  information  about  new  trends  in 
development  of  propellants  for  existing  modern  weapon  systems,  or,  propellants  for 
ammunition  for  elder  weapon  systems  with  improved  performance 

Keywords:  modern  propellant,  development,  ammunition,  weapon 


1.  INTRODUCTION 

In  many  cases  new  possibilities  have  been  searched  for,  of  improvement  of  ammunition 
effect  in  the  target,  or,  improvement  of  performance  of  existing  weapon  systems  without 
their  original  safety  parameters  being  exceeded. 

Improvement  in  shell  parameters  (subcalibre  or  full  calibre  ammunition)  in  target, 
however,  can  be  solved  by  increasing  the  propellant  energetic  content  only,  or,  by  better 
utilization  of  its  energy.  Improvement  of  full  calibre  shell  effect  in  target  (multifunction 
effect)  can  be  solved  by  its  technical  parameters. 

Application  of  new  approaches,  analysis  of  ballistic  action  by  means  of  modem 
computer  technique,  study  of  parameters  of  ignition  and  its  optimization,  however,  led  to  the 
rise  of  new  types  of  propellants  with  specific  properties.  That  trend  led  to  rise  of  the 
propellants  capable  of  safe  working  at  loading  densities  up  to  1 .0  (Loading  density  =  charge 
of  propellant  /case  volume). 

2.  THEORY 

In  most  cases  new  possibilities  of  increasing  performance  parameters  of  nitrocellulose 
based  propellants  are  searched  for.  Therefore,  further  intensive  research  and  development 
works  proceed  at  present  time  with  modem,  nitrocellulose  based  propellants. 

In  this  connection,  firstly  utilized  were  spherical  powders  enabling,  due  to  their  shape 
function,  construction  of  high  loading  density  propellant.  Their  application  has,  however,  a 
number  of  limitations  that  have  been  neither  technically  nor  technologically  mastered  so  far. 
Another  way  that  seems  to  be  successful  was  the  way  of  improving  of  extruded  (seven 
perforated)  powders  simultaneously  with  solving  of  ignition  and  further  parameters  of  the 
cartridge  assembly.  The  first  recorded  propellants  of  this  type  were  nitrocellulose  powders  in 
cartridges  of  the  former  Soviet  Union  in  anti  -  aircraft  weapon  systems  Silka  23  x  152  mm 
ZU,  and  in  the  cartridge  for  infantry  vehicle  or  aircraft  gun  30  x  165  mm  introduced  into 
armament  about  1970.  Another  technological  and  technical  way  is  technical  solution  of 
Swiss  Munition  -  at  present  Nitrochemia  -  company  (the  member  of  Rheinmetall,  Germany) 
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that,  with  state  support,  developed  production  technology  for  double  base  propellants  of  El 
type  (Extruded  Impregnated)  for  applications  in  high  performance  ammunition  of  Oerlikon 
company.  The  same  technology  is  used  in  Vihtavuori  company  (Finland),  the  member  of 
NAMMO  company  at  present  time,  to  which  Swiss  Army  sold  the  licence  in  the  1990s. 

Simultaneously  with  the  above  given  development,  partial  research  works  proceeded  in 
EXPLOS1A  a.s.,  aimed  at  certain  types  of  these  propellants.  The  activities  in  this  direction 
have  been  to  map  the  possibilities  to  utilize  the  existing  types  of  propellants  (spherical, 
nitrocellulose)  in  some  of  selected  ammunition  assemblies,  to  achieve  maximum 
performances  with  safety  criteria  being  met  for  the  weapon  concerned,  at  prescribed 
exploitation  temperatures  (-  54  to  +  52  (71)  °C).  In  1990th  Explosia  developed  its  own 
technology  and  new  types  of  single  base  7  perforated  propellant  for  medium  caliber 
ammunition  that  were  introduce  to  the  customers 151 . 

R&D  works  have  never  been  stopped.  These  activities  also  include  performance  of 
analysis  of  existing  charges,  analysis  of  possibilities  of  technological  solutions,  designing  of 
technical  and  technological  ways  to  verify  the  possibility  of  production  of  propellants  with 
higher  technical  parameters  and  their  verification  in  model  and  real  assembly  with  the  aim  of 
prognosis  of  possible  application.  The  aim  is  to  verify  the  possibility  of  preparation  of 
propelling  charge  or  charges,  as  well  as  the  possibility  to  improve  performance  parameters  of 
nitrocellulose  based  smokeless  powders.  Works  should  also  help  to  define  some  physical, 
chemical  and  technological  parameters  of  powders  for  modern  powder  charge,  including 
technological  ways  of  solving,  and  to  verify  their  general  validity  at  another  type  of 
cartridge. 

3.  EXPERIMENTS 

There  have  been  solved  problems  concerning  the  optimization  of  ballistic  function  of 
powders  with  high  loading  density  for  cartridge  30x165  mm  and  cartridge  30x210  mm.  The 
previous  works  in  this  field  1,1  confirmed  the  significant  influence  of  the  surface  layer  and  its 
physical  parameters  on  the  ignition  process  and  consequently  on  ballistic  parameters  and 
temperature  sensitivity  of  propellants  f2'.  Due  to  the  analysis  of  data  from  closed  vessel 
proceed  in  the  Pyro702  program  f3'  and  to  calculation  made  by  the  program  of  inner- 
ballistic  f4'  the  influence  of  parameters  of  ignition  process  on  ballistic  performance  has  been 
simulated. 

In  consequence  there  have  been  searched  for,  the  technological  ways  of  reaching  the 
desired  ignition  parameters  and  the  ways  of  improving  the  ballistic  function  of  the  powder 
S 105-03  in  the  weapon  2A42  using  the  30x165  mm  cartridge  in  combination  with  the  bullet 
of  235  g  of  weight,  and  of  the  powder  SI  15  in  the  weapon  30mmPlDvK  using  the 
30x210  mm  in  combination  with  the  bullet  of  435  g  of  weight. 

The  testing  of  samples  prepared  for  the  cartridge  30x165  mm  with  the  bullet  235  g  was 
aimed  to  determine  the  influence  of  three  types  of  the  surface  treatment  of  the  powder 
S 105-03  on  its  ballistic.  Experimental  measurement  on  the  testing  gauge  involved  measures 
of  pressure,  port  pressure,  velocity  and  other  important  parameters.  The  results  of  shooting 
are  displayed  in  the  following  Table  1  and  Figure  1.  Basic  parameters  of  tested  samples 
proceeded  by  the  program  Pyro702  are  shown  in  the  Table  2. 
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Table  1.  Basic  parameters  of  the  tested  samples  SI  05-03  proceeded 
by  the  program  Pyro702 


Propellant 

sample 

Coating 

Pressure 

p 

A  max. 

[MPa] 

Impuls 

[MPa.ms] 

Max. 

dP/dt 

[MPa/ms] 

Avg 

dP/dt 

[MPa/ms] 

Max.  G 

[1/MPasl 

Avg.G 

[1/MPas] 

S105 

R-1027 

DNT 

252.7 

388 

128.4 

91.4 

3.46 

3.31 

S105-03 

SM-8/03 

DNT 

242.6 

396 

114.0 

79.6 

3.30 

3.13 

S105-03 

VU-4-03 

Bu- 

NENA 

253.6 

303 

151.1 

110.6 

4.08 

3.95 

S105-03 

R-203079 

NG+ 

DNT 

255.9 

382 

120.9 

88.1 

3.22 

3.11 

Table  2.  Ballistic  parameter  of  the  tested  samples  SI  05-03 
in  cartridge  30x165  mm 


Propellant 

sample 

Charge 

[g] 

Temperature 

[°C] 

Pressure 

p 

A  piezo 

[bar] 

Pressure 

P crusher 

[kg/cm2] 

Velocity 

V7.5 

[m/s] 

Velocity 

v5  ' 

[m/s] 

Action 

time 

[ms] 

Specification 

cca  125 

21 

- 

<4100 

>1200 

- 

<7.0 

S105  R-1027 

125 

21 

4623 

4092 

1232 

1240 

3.45 

S105-03 

SM-8/03 

125 

21 

4707 

4092 

1223 

1229 

3.48 

S105-03 

VU-4-03 

125 

21 

4512 

4008 

1227 

1233 

3.40 

S105-03 

R-203079 

125 

21 

4636 

4303 

1204 

1210 

3.32 
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—  S 1 05-SM-8/03/1 25g  —  R-203079/1 25g 

—  S 1 05-VU-4/03/1 25g  R-1 027/1 25g 


Fig  1.  Pressure  curve  measured  for  propellant  types  S 105-03 
in  30x165  mm  cartridge 

In  the  case  of  the  cartridge  30x210  mm,  there  have  been  sought  the  ways  of  reaching  the 
maximum  performance  while  respecting  the  pressure  limits  of  the  original  cartridge  using 
the  Explosia's  technology.  The  results  of  shooting  are  displayed  in  the  following  Table  4. 
The  basic  parameters  of  the  tested  samples  proceeded  by  the  program  Pyro702  are  shown  in 
the  Table  3. 

Table  3.  Basic  parameters  of  the  tested  samples  SI  15  proceeded 
by  the  program  Pyro702 


Propellant 

sample 

Coating 

Pressure 

p 

A  max. 

[MPa] 

Impuls 

[MPa.ms] 

Max. 

dP/dt 

[MPa/ms] 

Avg 

dP/dt 

[MPa/ms] 

Max.  G 

[1/MPas] 

Avg.G 

[1/MPas] 

SI  1 5 

R-203059 

DNT 

245.0 

563 

76.65 

59.42 

2.40 

2.30 

SI  15 

R-203060 

DNT 

240.6 

591 

65.75 

51.43 

2.15 

2.06 

SI  15 

R-203062 

DNT 

243.1 

617 

72.94 

54.72 

2.25 

2.15 

SI  15 

R-203065 

DNT 

244.4 

579 

76.96 

58.05 

2.36 

2.26 
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Table  4.  Ballistic  parameter  of  the  tested  samples  SI  15  in  cartridge  30x210  mm 


Propellant 

sample 

Charge 

[g] 

Temperature 

[°C] 

Pressure 

p  . 

A  piezo 

[bar] 

Pressure 

pcrusher 

[kg/cm2] 

Velocity 

V7.5 

[m/s] 

Velocity 

v5 

[m/s] 

Action 

time 

[ms] 

Specification 

30x210  mm 

cca  185 

15 

- 

<3500 

- 

995 

<7.5 

SI  15 

R-203059 

195.0 

21 

4565 

4048 

1117 

1116 

<7.5 

SI  15 

R-203060 

195.0 

21 

3597 

3104 

1057 

1056 

<7.5 

SI  15 

R-203062 

195.0 

21 

3781 

3268 

1078 

1077 

<7.5 

SI  15 

R-203065 

195.0 

21 

4177 

3758 

1097 

1095 

<7.5 

4.  CONCLUSION 

The  experiments  have  confirmed  the  possibility  to  influence  on  performance  parameters 
of  the  powder  SI 05-03  by  choosing  one  of  the  possible  surface  treatments.  In  case  of  the 
powder  SI  15  the  improvement  of  its  performance  by  20  per  cent  has  been  reached  in  the  test 
barrel  using  the  Explosia's  technology.  The  further  application  of  the  obtained  results  will  be 
possible  and  utilizable  when  solving  the  individual  problems  of  new  propellants. 
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Abstract: 

The  research  on  gaseous  detonation  has  recently  become  a  very  important  issue  because 
of  increasing  importance  of  gaseous  fuels.  We  propose  to  use  the  Direct  Monte  -  Carlo 
Simulation  technique,  which  is  a  very  powerful  tool  for  solving  complex  flow  problems. 
We  propose  a  very  simple  model  of  a  molecular  collision,  which  makes  it  possible  to 
increase  the  thermal  energy  of  a  gas,  which  is  similar  to  the  processes  in  the  flame.  We 
show  then,  that  this  model  can  produce  the  wave,  which  has  the  features  characteristic 
for  a  detonation  wave. 

Keywords:  detonation,  Monte-Carlo  simulation 


1.  INTRODUCTION 

The  research  on  detonation  in  gases  has  recently  become  a  very  important  issue  because 
of  increasing  importance  of  gaseous  fuels.  The  urgent  technological  problem  is  connected 
with  detonation  in  pipelines  and  the  necessity  of  extinguishing  it.  The  devices  used  for  this 
purpose  usually  consist  of  matrices  of  very  narrow  channels.  Cooling  the  gas  by  cold  walls 
of  such  channels  may  extinguish  the  flame  and  stop  detonation. 

The  Direct  Monte  -  Carlo  Simulation  (DMCS)  technique  [11  has  proven  to  be  an 
excellent  tool  for  simulating  flows  in  various  geometrical  configurations  -  particularly  in 
narrow  channels.  It  offers  also  a  possibility  of  taking  into  account  the  relaxation  phenomena 
and  chemical  reactions  [1,  21 ,  these  unfortunately  increase  complexity  of  the  computer 
programs  and  the  necessary  computing  times.  However,  in  the  case  of  detonation, 
considerable  simplifications  can  be  made  thanks  to  the  fact,  that  in  a  detonation  wave 
combustion  proceeds  at  high  temperature  and  at  very  high  speed,  therefore  all  relaxation 
processes  at  the  molecular  level  may  be  disregarded.  The  only  important  factor,  that  remains, 
is  the  produced  thermal  energy. 

2.  MODEL  OF  A  COMBUSTIBLE  GAS 

As  always  in  the  Monte  -  Carlo  simulations  we  treat  the  gas  as  an  ensemble  of 
molecules,  which  collide  with  each  other  and  move  along  straight  lines  with  constant  speed 
between  collisions.  We  assume  for  simplicity,  that  all  molecules  are  identical,  hard,  elastic 
spheres.  We  assume,  finally,  that  some  of  the  molecules,  uniformly  distributed  in  space, 
carry  certain  amount  of  “internal”  energy,  the  same  for  each  of  them.  This  may  be 
transformed  into  kinetic  energy  during  collision  with  another  molecule  (carrying  no  energy), 
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provided  that  the  two  colliding  molecules  approach  each  other  with  sufficient  (“threshold”) 
speed.  If  this  is  the  case,  the  relative  speed  of  the  molecules  after  collision  is  increased 
suitably. 

3.  DETAILS  OF  CALCULATION 

To  check  whether  the  proposed  model  can  actually  simulate  the  detonation  wave,  several 
calculation  runs  for  various  geometries  were  performed.  We  employed  the  standard  DMCS 
procedure,  according  to  Bird  ,  and  the  selection  of  molecules  for  collisions  was  performed 
with  the  ballot  -  box  scheme,  as  proposed  by  Yanitskiy  ,3'. 

The  calculations  were  performed  in  one-  and  three-dimensional  geometry.  In  1-D 
geometry  (plane  wave,  no  walls)  the  number  of  molecules  was  about  5000,  in  3-D  geometry 
it  ranged  from  about  3  to  8  million.  The  calculation  area  was  divided  into  1100  cells  in  1-D 
geometry  and  1.5  to  4  million  cells  in  3-D  geometry. 

The  wave  was  initiated  by  instant  removal  of  a  “diaphragm”,  placed  at  x  =  100  units  of 
length.  The  gas  in  front  of  the  diaphragm  contained  either  10  or  30  per  cent  of  the  molecules 
carrying  “internal  “  energy.  The  energy  released  in  a  single  collision  was  such,  that  the 
relative  velocity  of  the  colliding  molecules  was  increased  by  the  value  equal  to  10  times  the 
most  probable  molecular  velocity.  The  temperature  of  the  driver  gas  (behind  the  diaphragm) 
was  10  times  higher  than  that  of  the  driven  gas.  The  pressure  was  such,  that,  after  the 
diaphragm  removal,  the  shock  wave  of  Mach  number  Ms  =  2  was  produced. 

4.  RESULTS 

Figs.  1-4  show  some  selected  results  of  the  performed  simulations. 


Fig  1.  Formation  of  the  plane  detonation  wave  without  influence  of  walls 
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Fig.  1  shows  the  simplest  case  -  a  plane,  perpendicular  wave,  moving  along  x  -  axis  in  a 
positive  half-space,  in  a  gas  containing  10  per  cent  of  the  “energetic”  molecules.  The  figure 
contains  diagrams  of  the  gas  temperature  in  terms  of  distance  along  the  x  -  axis  (measured  in 
mean  free  paths  of  the  gas  molecules)  for  the  initial  situation  and  for  15  subsequent  instants, 
evenly  spaced  in  time.  Formation  of  the  primary  shock  wave  after  the  diaphragm  removal  is 
clearly  visible.  The  shock  then  gradually  speeds  up,  transforming  into  a  detonation  wave, 
which  afterwards  moves  with  constant  speed  and  constant  intensity,  as  expected. 


DISTANCE 


Fig  2.  Formation  and  decay  of  the  detonation  wave  in  a  pipe  under  friction 
and  heat  exchange  at  the  walls 

Fig.  2  shows  similar  picture  for  the  wave,  moving  in  a  cylindrical  pipe  in  the  same  gas. 
The  diameter  of  the  pipe  is  equal  to  100  mean  free  paths.  For  x  <  400  the  molecules  reflect 
from  the  walls  specularly,  i.e.  without  exchange  of  tangential  momentum,  and  energy.  For  x 
>  400  the  molecules  are  reflected  diffusely,  i.e.  after  reflection  their  average  energy 
corresponds  to  the  temperature  of  the  wall,  and  the  average  tangential  velocity  equals  zero. 

The  left  part  of  the  picture,  up  to  x  =  400,  looks  similarly  to  that  in  Fig.  1  -  formation  of 
shock  and  detonation  wave  is  evident.  For  x  >  400  however,  the  walls  cool  the  gas  down, 
below  the  ignition  point,  and  the  shock  moves  ahead,  unsupported  by  the  flame  front,  getting 
weaker  and  weaker. 

In  Fig.  3  the  configuration  is  the  same  as  in  Fig.  2,  only  the  gas  contains  30  per  cent  of 
the  “energetic”  molecules.  Here,  the  amount  of  released  energy  is  so  large,  that  the  walls  are 
not  able  to  absorb  it.  After  entering  the  pipe  with  rough  and  heat  conducting  walls  the 
detonation  wave  slows  down  a  little  bit  and  decreasas  its  intensity,  still  it  moves  steadily 
forwards.  For  this  kind  of  gas,  to  stop  detonation  it  is  necesary  to  have  larger  ratio  of  the  wall 
surface  to  the  volume  of  the  pipe  -  i.e.  the  pipe  of  smaller  diameter. 
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Fig  3.  Detonation  wave  in  a  highly  energetic  gas,  in  a  pipe  with  friction 
and  heat  exchange 

Fig.  4,  which  corresponds  to  the  sixth  line  of  Fig.  3,  shows  the  shape  of  the  detonation 
wave,  slightly  curved  under  the  influence  of  the  boundary  layer.  This  curvature  is  evidently 
rather  weak. 


Fig  4.  Shape  of  the  detonation  wave  in  a  narrow  pipe,  under  the  influmce 
of  the  boundary  layer 
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5. 


CONCLUSIONS 


A  method  of  simulation  of  the  detonation  phenomenon,  based  on  the  Direct  Monte  - 
Carlo  Simulation  technique  has  been  proposed.  This  method  makes  it  possible  to  study 
detonation  in  narrow  channels  and  its  decay  under  the  influence  of  wall  friction  and  heat 
exchange.  This  method  may  possibly  be  used  for  optimizing  the  devices  stopping  detonation 
in  pipes. 
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Abstract:" 

Problems  connected  with  nitration  of  benzofuroxan  are  of  specific  interest  since 
potassium  salt  of  dinitrobenzofuroxan  is  considered  as  promising  ecologically  pure 
initiating  explosive.  In  this  connection  a  study  has  bin  performed  on  nitration  of 
benzofuruxan  and  its  mononitroderivatives  in  nitric  and  sulfuric-  nitric  acid  mediums. 
The  main  reaction  products  formed  in  the  reaction  have  been  identified. 

Keywords:  benzofuroxan,  4-nitrobenzofuroxan,  6-nitrobenzofuroxan, 

4,6-dinitrobenzofuroxan,  nitration,  kinetic 


1.  INTRODUCTION 

4,6-Dinitrobenzofuroxan  (4,6-DNBF)  is  an  intermediate  in  preparing  of  a  heavy-metal- 
free  initiating  explosive  potassium  salt  of  4,6-DNBF  and  a  low-sensitive  high  explosive  CL- 
14  111 .  There  are  several  4,6-DNBF  preparation  methods  nowadays: 

1 .  Direct  nitration  of  benzofuroxan  (BF) 

2.  From  2,4,6-trinitrochlorobenzene  to  2,4,6-trinitroazidobenzene  followed  by  its 
thermal  decomposition 

3.  From  2,4-dinitrochlorobenzene  to  2,4-dinitroazidobenzene  followed  by  its 
nitration  and  thermal  decomposition  to  4,6-DNBF 


Among  the  above  methods,  the  first  one  can  be  considered  as  the  most  promising, 
because  BF  can  be  easily  prepared  from  o-nitroaniline  and  sodium  hypochlorite  with  nearly 
quantitative  yield. 

Nitration  of  BF  to  4,6-DNBF  was  first  realized  as  early  as  1899  121 .  The  reaction  was 
most  thoroughly  considered  in  the  work  13,41 .  In  spite  of  a  relative  simplicity  of  the  synthesis 
with  concentrated  nitric  acid  or  sulfuric-nitric  acid  mixtures  (SNAM),  the  yield  of  4,6-DNBF 
after  recrystallization  was  relatively  low  (55-60%)  [5],  and  the  recommended  temperature 
was  0-5  C  that  caused  a  special  cooling  agent  to  be  used. 
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2. 


RESULTS  AND  DISCUSSION 


The  present  work  was  aimed  at  elucidating  possible  reasons  for  low  4,6-DNBF  yields  in 
the  nitration  reaction.  The  first  set  of  experiments  involved  nitration  of  BF  to  4,6-DNBF  in 
SNAM  under  different  conditions.  Variable  parameters  tested  were  temperature,  the  reagent 
ratio,  and  the  order  of  reagent  mixing,  however  the  yield  did  never  exceed  77%.  Dilution  of 
the  reaction  mixture  with  water  followed  by  extraction  of  soluble  products  showed  that  the 
content  of  organic  compounds  in  the  waste  acid  mixture  was  very  low.  To  understand  the 
reasons  for  the  lowered  yields,  a  study  was  undertaken  on  formation  of  isomers  of 
mononitro-  (NBF)  and  dinitrobezofuroxans  (DNBF)  in  the  reaction  as  well  on  the  nitration 
reaction  of  NBF  to  DNBF. 

On  nitration  of  BF  in  SNAM  in  the  proportion  of  1.2  mole  of  HNO3  per  one  mole  of  BF, 
a  crude  product  was  obtained,  which,  according  to  HPLC  analysis,  was  consisted  of  five 
individual  substances.  Three  main  compounds  were  found  to  be  4-NBF,  6-NBF,  and  2,4- 
DNBF  in  the  proportion  of  79:18:3.  The  share  of  the  remaining  two  unknown  substances 
was  less  than  1%  by  mass  of  the  crude  product.  The  yield  of  crude  mono-NBF  was  90%  of 
the  theoretical  one. 

On  nitration  of  BF  in  the  nitric  acid  of  different  concentrations,  the  simultaneous 
presence  both  the  initial  BF  and  4,6-DNBF  among  the  reaction  products  was  often  observed. 

At  room  temperature,  the  nitration  reaction  of  4-NBF  in  the  medium  of  98%  nitric  acid 
did  not  complete  even  after  holding  the  mixture  for  two  weeks.  The  yield  of  4,6-DNBF 
calculated  by  reacted  4-NBF  was  60%  only.  On  nitration  in  SNAM,  the  yield  depended 
significantly  on  the  excess  of  nitric  acid:  it  changed  from  71%  to  85%  when  the  molar  ratio 
of  HNO3  to  4-NBF  was  increased  from  2  to  5.  The  yield  did  not  prove  to  depend  on  either 
reaction  temperature  (in  the  interval  of  20  to  40°C)  or  the  order  of  reagent  mixing,  i.e. 
whether  NBF  was  dissolved  in  sulfuric  acid  first  followed  by  addition  of  nitric  acid  or  vice 
versa.  The  product  obtained  was  practically  pure  4,6-DNBF  (more  than  97%  of  the  main 
compound). 

On  nitration  of  6-NBF  with  98%HN03  the  reaction  was  completed  within  24  hours  at 
room  temperature  and  did  not  come  to  the  completion  at  -5°C.  The  yield  of  product  after 
evaporation  of  nitric  acid  (until  constant  weight)  was  90%,  whereas  only  50%  after 
subsequent  washing  with  cold  water.  Nitration  with  SNAM  under  different  conditions 
followed  by  washing  with  water  yielded  52-55%  of  DNBF.  The  product  was  analyzed  by 
HPLC  to  consist  of  two  substances.  The  main  compound  was  identified  as  4,6-DNBF;  the 
other  substance  was  also  found  in  the  crude  4,6-DNBF  synthesized  by  direct  nitration  of  BF. 
To  reveal  the  structure  of  the  second  substance  chromatomass-spectrometry  analyses  of  the 
crude  product  were  done,  allowing  structure  of  5,6-DNBF.  The  following  m/z  data  were 
obtained:  for  4,6-DNBF  228  (M+2),  226  (M),  196  (M-30),  210  (M-16),  180  (M-46);  for  5,6- 
DNBF  226  (M),  196  (M-30),  210  (M-16),  150  (M-76). 

The  content  of  5,6-DNBF  in  crude  4,6-DNBF  was  estimated  from  the  area  of  its  peak  to 
be  around  5%.  This  substance  was  not  found  in  the  nitration  product  of  4-NBF. 

The  content  of  5,6-DNBF  in  the  nitration  product  was  as  much  as  30  -  50%  in  the 
reaction  of  6-NBF  with  concentrated  nitric  acid  after  evaporation  without  dilution  of  the 
reaction  mixture  by  water.  The  result  is  in  a  good  agreement  with  the  observation  that  about 
50%  of  the  product  can  be  dissolved  in  water.  It  may  be  expected,  therefore,  that  the 
activated  nitro-group  in  the  5-position  is  changeable  by  hydroxyl  to  form  a  readily  soluble 
phenol  The  analysis  of  the  water-soluble  products  has  shown  the  presence  of  five  main 
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substances  and  two  micro  impurities  as  well  as  the  absence  of  4,6-  and  5,6-DNBF.  Based  on 
mass-spectroscopy  analysis  data,  two  of  the  water-soluble  products  can  be  identified  as  5- 
oxy-6-nitrobenzofuroxan  (m/z:  197  (M),  167  (M-30),  and  5-oxy-4,6-dinitrobenzofuroxan 
(m/z:  243  (M),  166  (M2-30),  120  (M-46),  226  (M-17),  196  (M-47),  150  (M-93). 

An  important  part  of  the  research  was  considered  to  be  evaluation  of  rate  constants  of 
the  nitration  reaction  of  BF.  The  rate  constants  were  measured  by  using  spectrophotometric 
method  with  the  reacting  mass  placed  directly  into  a  cell  at  a  temperature  of  25°C. 
Decreasing  absorption  of  BF  in  the  area  of  its  absorption  maximum  (350  nm)  was  observed, 
with  the  data  being  fairly  described  by  the  first-order  kinetic  equation.  It  should  be  noted  that 
BF  in  the  medium  of  93.2%  FFSO4  is  in  the  protonated  form,  which  exibit  the  maximum 
absorption  at  312  nm  and  385  nm,  whereas  BF  itself  has  the  maximum  at  350  nm  (in  FFSO4 
of  concentration  less  than  85%).  In  contrast  to  BF,  UV  spectra  of  4,6-DNBF  are  identical  in 
both  80%  and  93.2%  FFSO4,  suggesting  that  4,6-DNBF  remains  in  the  nonprotonated  form. 
We  failed  to  measure  the  rate  of  nitration  reaction  of  BF  in  93.2%  FFSO4  in  such  a  manner 
because  of  a  very  short  time  of  the  reaction:  it  was  completed  in  less  than  15  seconds  (  at  the 
ratio  HNO3/BF  =  30-300/1,  ki  >  0.1  s"1).  The  rate  constants  have  been  measured  for  nitration 
reaction  of  BF  in  80%  and  84%  FFSO4;  the  data  are  presented  in  Table  1.  As  seen  from  the 
Table,  a  4%  decrease  in  the  concentration  of  FFSO4  results  in  decrease  in  the  reaction  rate  by 
a  factor  of  220,  confirming  an  inexpediency  of  using  diluted  H2SO4  in  the  nitrating  acid 
mixtures. 


h2so4,  % 

HNO3/BF 

k2 

Mol/mol 

1/mol*  s 

84 

15 

1,35 

84 

32 

1,31 

80 

320 

0,00594 

3.  CONCLUSIONS 

It  has  been  shown  that  the  consumption  of  sulfuric  acid  in  the  nitration  process  can  be 
reduced  by  more  than  three  times  as  compared  with  known  literature  data  to  amount  8-10 
grams  per  1  gram  of  BF.  The  optimal  concentration  of  FFSO4  as  92%-94%  and  consumption 
of  nitric  acid  as  4-5  moles  per  1  mole  of  BF  have  been  found. 

A  12%- 1 8%  decrease  in  the  yield  of  4,6-DNBF  occurs  due  to  red-ox  processes  during 
nitration  of  4-NBF,  resulting  in  formation  of  mixture  of  phenols.  Another  reason  for  the 
decreasing  yield  is  formation  of  5,6-DNBF  from  6-NBF.  It  undergoes  hydrolysis  upon 
following  dilution  of  the  reaction  mixture  with  water,  resulting  in  10%  decrease  in  the  yield 
of  the  final  product. 
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4. 


EXPERIMENTAL 


The  substances  obtained  were  analyzed  by  HPLC  method  on  a  Millichrom-4  equipped 
with  a  chromatographic  column  Kromasil  C-18  using  eluent  acetonitrile  -  water  -  acetic  acid 
in  the  proportion  (by  volume)  30:68:2.  Time  of  appearance  of  BF,  4-NBF,  6-NBF,  4,6- 
DNBF,  and  5,6-DNBF  at  the  fluent  feeding  rate  of  100  pl/min  was  6. 5-6. 6  min,  10.0-10.3 
min,  9. 0-9. 5  min,  and  7.2-7. 5  min,  respectively. 

The  extinction  coefficients  measured  with  a  “Specord  M-40”  spectrophotometer  for  are 
given  in  Table  2.  The  measurements  were  carried  out  at  260  nm,  320  nm,  and  360  nm  wave 
lengths. 


wave-length,  X,  nm 

s,  l/(mol  •  cm) 

4-NBF 

6-NBF 

4,6-DNBF 

260 

3520 

12300 

10710 

320 

1713 

22430 

2170 

360 

3470 

3190 

2420 

4-NBF  and  4,6-DNBF  were  prepared  by  nitration  of  BF  followed  by  recrystallization 
from  acetic  acid  (m.p.l24-144°C  and  174-176°C,  respectively).  6-NBF  was  prepared  by  two 
ways:  from  2,4-dinitrochlorobenzene  (via  thermolysis  of  2,4-dinitroazidobenzene)  and  by 
oxidation  of  dinitroaniline  f6'.  The  melting  point  was  70-72°C  after  recrystallization  from 
ethanol. 

In  nitration  with  nitric  acid  only,  BF  was  slowly  added  to  the  acid  cooled  to  -10°C 
keeping  temperature  below  0°  C.  After  stirring  at  a  given  temperature  for  a  specified  time, 
the  mixture  was  poured  into  ice;  the  separated  product  was  filtered,  washed  with  cold  water 
and  dried  under  vacuum.  In  nitration  with  SNAM,  a  corresponding  benzofuroxan  was 
dissolved  in  sulfuric  or  nitric  acid  at  -5°  -  -10°  C  followed  by  addition  of  the  second  acid  at 
0°  -  -5°  C  and  keeping  at  a  given  temperature.  The  product  was  isolated  as  described  above. 
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Abstract 

The  half-wave  potentials,  Ei/2,  of  twenty  four  polynitro  arenes  have  been  determined  in 
aqueous  medium  buffered  at  pH  7,  the  final  concentrations  of  their  solutions  being 
0.5x10  4  M  and  0.5x10  5  M.  The  13  C  NMR  chemical  shifts  of  carbon  atoms  carrying  the 
most  reactive  nitro  groups  have  been  used  for  specification  of  the  primarily  reduced 
nitro  group  in  the  molecule.  The  found  logical  relationships  between  the  Ey2  values  and 
squares  of  detonation  velocity  are  of  the  type  of  the  modified  Evans-Polanyi-Semenov 
equation  for  energetic  materials.  It  has  been  stated  that  the  strong  dependence  of  E 1 2 
values  on  the  conditions  and  way  of  realisation  of  the  polarographic  measurements 
considerably  restrict  the  application  of  this  method  to  studies  of  micro-mechanism  of 
initiation  of  organic  energetic  materials. 

Keywords:  polynitro  arenes,  polarography,  initiation,  mechanism 


1.  INTRODUCTION. 

It  is  well  known  that  nitro  groups  are  centres  of  heat,  impact  and  detonation  reactivity  in 
organic  polynitro  compounds  (see  Ref.  [1]  and  references  herein).  Nitro  groups  are  also 
responsible  for  electrochemical  reducibility  of  nitro  compounds  f2'.  This  means  that  there 
could  exist  a  relationship  between  the  results  of  polarography  and  the  detonation 
characteristics  of  polynitro  compounds.  For  a  study  of  this  problem  we  have  chosen 
polynitro  arenes  and  their  derivatives. 

2.  EXPERIMENTAL 

2.1  Polarography  of  polynitro  arenes 

A  differential  pulse  polarograph  PPA  02  (produced  by  Labio,  Ltd,  Prague)  was  used. 
This  polarograph  worked  in  DPP  regime.  It  was  equipped  with  a  20  ml  measuring  cell  with 
three-electrode  connection:  stationary  dropping  mercury  electrode  (HMDE)  as  a  working 
electrode,  a  platinum  wire  counter  electrode,  and  a  saturated  calomel  reference  electrode. 
Operation  parameters  of  the  polarograph  were  as  follows: 


initial  potential 
final  potential 

100  mV 
-1500  mV 
20  mV.s^1 

scan  rate 

pulse  amplitude 

-50  mV 

pulse  width 

100  ms 

clock 

200  ms 

current  range 

1  pA 

offset 

7000  mV 
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In  the  experiments,  20  ml  of  the  supporting  electrolyte  (buffer)  was  pipetted  into  the 
electrolytic  cell  and  deoxygenated  with  nitrogen  gas  for  3  min.  Britton-Robinson  buffer  (pH 
7.00)  was  used  (for  preparation  see  Ref.  [3]).  The  polynitro  arenes  studied  were  taken  in  the 
form  of  their  0.1  M  solutions  in  acetone  or  dime  thy  lformamide.  This  solution  was  added  to 
the  buffer  using  a  Hamilton  micro-syringe  to  reach  two  final  concentrations:  a  “ higher  ”  one 
of  0.5x10  4  M  and  a  “lower”  one  of  0.5x10  5  M.  Then  the  current- voltage  curve  was 
recorded  at  20  °C.  The  half  wave  potentials,  Em,  of  the  primarily  reduced  nitro  group  thus 
obtained  are  presented  in  Table  1. 

2.2  The  13C  NMR  chemical  shifts 

IT 

The  C  NMR  chemical  shifts  of  the  polynitro  arenes  studied  were  taken  from  Refs. 
[i,4,5]  These  shifts  0f  “bearer  atoms”  of  the  most  reactive  nitro  groups  are  presented  in 
Table  1.  The  most  reactive  groups  in  polynitro  arenes  are  sterically  hindered  16 or  have  a 
hydrogen  atom  at  y-position  with  respect  to  the  group  (the  so-called  trinitrotoluene 
mechanism  of  decomposition  [7'81),  or  their  oxygen  atom  can  interact  via  a  five-membered 
transition  state  with  sulphur  bridge  191  or  the  chlorine  atom  at  ortho- position  to  the  group  (for 
all  the  above-mentioned  variants  see  also  Ref.  [1]  and  references  herein).  Positions  of  carbon 
atoms,  the  bearers  of  such  nitro  groups,  are  presented  for  each  compound  studied  in  Table  1, 
too. 

2.3  Detonation  velocities 

The  values  of  detonation  velocities,  D,  of  the  polynitro  arenes  studied  were  calculated 
using  the  known  relationships  of  Kamlet  &  Jacobs  f10'  for  the  maximum  theoretical  densities 
of  crystals  (TMD,  i.  e.  for  monocrystal).  For  compounds  with  sulphur  heteroatom  in 
molecule  the  D  values  were  taken  from  Ref.  [4]  and  for  STC  from  Ref.  [11].  The  D  values 
used  are  summarised  in  Table  1. 


Half  wave  potential  for  concentration  of  0.5X10-4  M  /  mV 

Fig  1.  Relationship  between  the  half  wave  potentials  of  the  primarily  reduced 

nitro  groups  (for  concentration  of  0.5x1 0"4  M)  and  the  13C  NMR  chemical 
shifts  of  the  carbon  atoms  carrying  the  most  reactive  nitro  groups 
(the  numbers  in  brackets  denote  the  positions  in  molecule) 
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Table  1.  Survey  of  the  polynitro  arenes  studied,  their  half  wave  potentials,  detonation  velocities  and  C  NMR  chemical  shifts  of  the  most 
reactive  positions  (in  the  reaction  centres)  in  their  molecules 


Chemical  name 

Code 

design 

13C  NMR  Chemical  shift  of  the 
most  reactive  position 
in  molecule 

Half  wave  potential 

Ej/2  in  mV 
for  concentration 

Detonation 
velocity  D 

position 

6  in  ppm 

Ref. 

0.5xl0‘4  M 

0.5xl0"5  M 

km.s"1 

Ref. 

1,3,5-Trinitrobenzene 

TNB 

1,3,5- 

148.3 

1 

-139 

-113 

7.27 

a 

1  -Methyl-2, 4, 6-trinitrobenzene 

TNT 

2,6- 

150.9 

1 

-165 

-122 

7.02 

a 

l,3-Dimethyl-2, 4, 6-trinitrobenzene 

TNX 

2- 

148.5 

1 

-187 

-169 

6.76 

a 

2,4,6-Trinitrobenzoic  acid 

TNBA 

2,6- 

147.0 

5 

-139 

-118 

7.24 

a 

1  -Methoxy-2 ,4,6-trinitrobenzene 

TNA 

2,6- 

144.0 

5 

-158 

-113 

7.05 

a 

1  -Chloro-2, 4, 6-trinitrobenzene 

PIC 

2,6- 

149.3 

5 

-146 

-114 

7.20 

26 

l,3-Dichloro-2, 4, 6-trinitrobenzene 

STC 

2- 

151.2 

4 

-172 

-108 

6.80 

24 

l-Methyl-3-hydroxi-2, 4, 6-trinitrobenzene 

TNCr 

2- 

-291 

-261 

7.42 

a 

1  -Hydroxy-2 ,4,6-trinitrobenzene 

PA 

2,6- 

141.9 

1 

-282 

-187 

7.57 

a 

l,3-Dihydroxy-2, 4, 6-trinitrobenzene 

TNR 

2- 

141.8 

1 

-374 

-327 

6.76 

a 

1  -Amino-2, 4, 6-trinitrobenzene 

PAM 

2,6- 

134.2 

1 

-183 

-135 

7.43 

a 

l,3-Diamino-2, 4, 6-trinitrobenzene 

DATB 

2- 

122.4 

1 

-304 

-256 

7.70 

a 

2,2  ‘  ,4,4  ‘  ,6,6  ‘  -Hexanitrodiphenylamine 

DPA 

2,2‘,6,6‘- 

138.7 

1 

-217 

-122 

7.40 

a 

2,2  ‘  ,4,4  ‘  ,6,6  ‘  -Hexanitrooxanilide 

HNO 

2,2‘,6,6‘- 

144.7 

1 

-183 

-87 

7.31 

a 
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Table  1  -  continued 


Chemical  name 

Code 

design 

13C  NMR  Chemical  shift  of  the 
most  reactive  position 
in  molecule 

Half  wave  potential 

E 1/2  in  mV 
for  concentration 

Detonation 
velocity  D 

position 

6  in  ppm 

Ref 

0.5xl0"4  M 

0.5xl0’5  M 

km.s"1 

Ref. 

2,6-bis(2,4,6-Trinitrophenylamino)-3,5-dinitro- 

pyridine 

PYX 

2,6-(picryl-) 

145.5 

1 

-317 

-218 

7.42 

a 

3,5-(pyridine) 

148.5 

1 

2,2  ‘  ,4,4  ‘  ,6,6  ‘  -Hexanitrodiphenylmethane 

DPM 

2,2‘,6,6‘- 

150.5 

1 

-160 

-166 

7.14 

a 

2,2’,4,4’,6,6,-Hexanitrodiphenylsulfide 

DIPS 

2,2‘,6,6‘- 

144.7 

1 

-192 

-190 

7,16 

4 

3,3’  -Dimethyl-2,2  ’  ,4,4  ’  ,6,6  ’  -hexanitro- 
diphenylsulfide 

DMDIPS 

6,6‘- 

147.9 

1 

-183 

-115 

6.70 

1 

2,2’,4,4’,6,6’-Hexanitrodiphenylsulfone 

DIPSO 

2,2‘,6,6‘- 

148.5 

1 

-258 

-196 

6.77 

24 

l-(2,4,6-Trinitrophenyl)-5,7-dinitrobenzotriazole 

BTX 

2,6-(picryl-) 

145.8 

1 

-172 

-152 

7.34 

a 

7-(bezotriazole) 

148.7 

1 

1 ,4-Dinitrobenzene 

1,4-DNB 

1,4- 

150.7 

1 

-213 

6.50 

a 

1 ,3 -Dinitrobenzene 

1,3-DNB 

1,3- 

147.8 

1 

-252 

6.38 

a 

1  -Amino-2, 4-dinitrobenzene 

2,4-DNAB 

2- 

-304 

6.48 

a 

1  -Amino-2 ,6-dinitrobenzene 

2,6-DNAB 

2,6- 

-378 

6.69 

a 

Note:  a)  calculated  for  TMD  according  to  the  Ref  [10] 
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3. 


DISCUSSION 


The  course  of  electrochemical  reduction  of  polynitro  arenes  strongly  depends  on  pH  and 
concentration  of  their  solution,  on  the  solvent  and  the  surfactants  present  in  the  solution,  on 
the  electrode  potential  and  the  temperature  during  reduction  12,121 .  Solvation  also  affects 
results  of  polarographic  measurements  1141 .  In  the  present  study  we  have  chosen  aqueous 
medium  without  surfactant  additives,  buffered  at  pH  7.  In  this  medium,  the  final 
concentration  of  10  4  M  of  nitro  arene  solution  is  currently  used  13,131 ;  in  our  case,  two  final 
concentrations  were  adopted,  viz.  0.5xl(T4  M  and  0.5x10  5  M. 

i  o 

Using  the  results  of  C  NMR  spectroscopy,  we  tried  to  specify  the  primarily  reduced 
nitro  group  in  the  molecule  of  polynitro  arene.  We  presumed  that  the  most  reactive  would  be 
the  same  nitro  groups  as  those  in  the  case  of  initiation  of  the  studied  substances  (see  Ref. 
[1]).  Thus  Fig.  1  presents  the  relationship  between  the  Ej/2  values  of  the  primarily  reduced 
nitro  groups  and  the  C  NMR  chemical  shifts,  5,  of  the  carbon  atoms  carrying  the  most 
reactive  nitro  groups  in  the  molecule.  In  this  Figure,  straight  line  /  corresponds  to  sterical 
effect  of  1,3 -disubstitution  in  TNB  molecule.  Straight  line  II  includes  data  for  TNB  and  its 
mono  substituted  derivatives  (having  a  methyl  group  and  therefrom  derived  substituents,  and 
also  chlorine).  The  group  of  compounds  included  in  II  involves  poly-nuclear  molecules;  the 
BTX  molecule  with  two  potential  reaction  centres  in  it 111  correlates  with  this  group  by  the  5 
value  at  2,6-positions  of  trinitrophenyl  group.  The  data  for  the  second  reaction  centre  of 
BTX,  i.e.  at  7-position  of  benzotriazole  grouping,  incline  to  straight  line  I.  Group  III 
correlates  well  with  the  data  for  1,3-DNB,  and  also  the  data  for  TNA  are  close  to  it.  Straight 
line  IV  corresponds  to  PAM  and  its  derivatives;  logically,  the  data  for  PA  correlate  with  it 
too.  The  data  for  the  second  reaction  centre  in  the  PYX  molecule  ,1],  i.e.  those  of  3,5-position 
of  the  pyridine  grouping,  do  not  correlate  with  this  dependence. 

An  analogous  dependence  for  the  results  of  measurements  carried  out  with  the  0.5x10  5 
M  solutions  of  polynitro  arenes  is  given  in  Fig.  2.  Group  There  includes  TNR,  methyl  and 
chloro  derivatives  of  TNB.  Group  VI  includes  sterically  more  hindered  derivatives  of  PAM, 
but  the  data  of  PAM  itself  do  not  correlate  with  it.  Logically,  group  VII  comprises  TNB  and 
its  multi-nuclear  derivatives,  BTX  correlating  with  it  by  data  of  its  reaction  centre  at  2,6- 
positions  of  trinitrophenyl  group.  Straight  line  VIII  is  an  analogy  to  straight  line  IV  (Fig.  1). 
A  logical  group  is  IX,  which  includes  dinuclear  derivatives  of  TNB.  Group  X  is  a  non- 
homogeneous  set  of  compounds,  being  correlated  by  the  data  of  BTX  reaction  centre  at  7- 
position  of  benzotriazole  moiety.  Again,  the  data  of  the  second  reaction  centre  in  the  PYX 
molecule  at  3,5-position  of  pyridine  moiety  do  not  correlate  with  any  of  the  groups  in  Fig.  2. 

Figure  3  presents  the  relationship  between  E1/2  values  of  primarily  reduced  nitro  groups 
in  0.5x10  4  M  solution  and  the  square  of  detonation  velocity,  D2,  for  the  TMD  of  the 
polynitro  arenes  studied.  Group  A  includes  TNB  and  its  derivatives  having  substituents 
interacting  with  the  rest  of  the  molecule  by  means  of  induction  effects.  Hydroxy  substituted 
TNB  derivatives  form  group  Aa  of  the  compounds.  Amino  derivatives  of  TNB  (or  better  still, 
PAM)  constitute  group  B  of  the  compounds.  Also  PYX  and  amino  derivatives  of  1,3-DNB 
should  belong  to  this  group;  due  to  thermochemistry  reasons,  this  is  not  the  case,  and  the  1,3- 
DNB  derivatives  constitute  a  separate  group  Ba.  The  data  for  BTX,  in  which  the 
trinitrophenyl  group  is  bound  to  nitrogen  atom  of  benzotriazole  moiety,  approach  the 
dependence  of  B.  Group  C  is  logically  formed  by  DIPSO,  DIPS  and  TNB;  in  the  DMDIP 
molecule,  the  effect  of  3,3 '-dimethyl  substitution  is  predominant  and,  therefore,  its  data 
correlate  with  the  straight  line  A. 
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Fig  2.  Relationship  between  the  half  wave  potentials  of  the  primarily  reduced 

r  1  o 

nitro  groups  (for  concentration  of  0.5x10"  M)  and  the  C  NMR  chemical 
shifts  of  the  carbon  atoms  carrying  the  most  reactive  nitro  groups  (the 
numbers  in  brackets  denote  the  positions  in  molecule) 


Fig  3.  Relationship  between  half  wave  potentials  of  primarily  reduced  nitro 
groups  in  0.5x10  4  M  solution  and  the  square  of  detonation  velocity 

The  ten-fold  decrease  in  final  concentration  of  the  polynitro  arenes  studied  also 
considerably  affected  the  relationship  between  Ej/2  and  D2  values  (see  Fig.  4.).  In  this  case,  a 
new  logical  dependence  was  created  for  the  multi-nuclear  derivatives  (except  HNO  and 
DMDIPS).  However,  the  dependence  represented  by  group  A  in  Fig.  3  decomposed.  These 
facts  could  be  interpreted  by  changes  in  solvation  degree  connected  with  the  dilution  of  final 
buffered  solution  of  the  polynitro  arenes  examined. 
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Half  wave  potential  for  concentration  of  0.5x1  O^M  /  mV 


Fig  4.  Relationship  between  half  wave  potentials  of  primarily  reduced  nitro 
groups  in  0.5x10  5  M  solution  and  the  square  of  detonation  velocity 

The  dependences  in  Figs  1,  3  and  4  show  a  certain  similarity  of  the  effects  of  methyl  and 
chlorine  substituents  in  TNB  molecule  on  the  electrochemical  reactivity  of  the  resulting 
derivative.  The  same  similarity  also  exists  in  thermal  reactivity  of  polychloro  and 
polymethyl  derivatives  of  TNB  115,161 . 

The  meaning  of  relationships  of  the  type  shown  in  Figs  3  and  4  can  be  interpreted  as 
follows:  generally,  the  square  of  detonation  velocity,  D  ,  and  explosion  heat,  Q,  in  the 
Chapman-Jouget  plane  are  interrelated  by  definiendum  ,17’ 181 : 

Q=d2  -{2-(r2  +i)}"‘  (1) 

where  y  is  the  polytropy  coefficient  whose  value  for  high  explosives  ranges  from  2.79  to 
3.48  ,1?1.  This  means  that  the  relationships  in  the  above-mentioned  figures  can  be  expressed 
as: 

Q=Cl±a-Ey2  (2) 


which  is  another  form  of  modified  Evans-Polanyi-Semenov  equation  (E-P-S) 

E  =  C  ±  a  ■  Q  (3) 

valid  for  energetic  materials  f19"25'.  In  this  case  the  energy,  E,  can  be  the  activation 
energy  of  thermal  decomposition  |19"21,  23\  the  slope  E-R  1  of  the  Kissinger  relationship  (in 
the  differential  thermal  analysis) 1241 ,  the  energy  of  electric  spark  1231  or  the  charge  at  nitrogen 
atom  of  the  most  reactive  nitro  group  in  the  molecule  f2S|.  The  last  form  of  E-P-S  given 
above  is  also  physically  closest  to  Eq.  (2). 
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4. 


CONCLUSIONS 


The  electrochemical  reduction  in  aqueous  medium  (the  concentration  of  solution  below 
10  4  M)  at  pH  7  should  primarily  attack  the  same  nitro  groups  as  those  that  react  first  during 
initiation  of  these  substances.  The  values  of  resulting  half-wave  potentials,  E1/2,  markedly 
depend  inter  alia  on  the  solvation  of  the  polynitro  compounds  studied.  It  is  possible  to  find 
logical  linear  dependences  between  the  £7/2  values  and  squares  of  detonation  velocities  of 
polynitro  arenes.  These  relationships  are  another  form  of  modified  Evans-Polanyi-Semenov 
equation  for  energetic  materials.  The  strong  dependence  of  £7/2  values  on  the  conditions  and 
way  of  carrying  out  the  polarographic  measurements,  along  with  the  very  limited  solubility 
of  the  polynitro  compounds  studied  in  media  containing  water,  considerably  restrict  the 
application  of  polarography  to  studies  of  chemical  micro-mechanism  of  initiation  of  organic 
energetic  materials. 
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IN  SITU  MEASUREMENT  OF  VELOCITY  OF  DETONATION 
AND  COMPARISON  OF  HEAVY  ANFO  PRODUCED 
IN  THE  FIELD  OF  USAGE  AND  CARTRIDGE  EXPLOSIVES 


S.  Zganec*,  E.  Zvonimir**  and  M.  Dobrilovic** 

*  Minervo  Ltd,  Ljubljana,  Slovenia 

**  Faculty  of  Mining,  Geology  and  Petroleum  Engineering, 
University  of  Zagreb,  Croatia 


Abstract: 

This  paper  describes  methods  of  measuring  the  velocity  of  detonation  in  bore  holes 
loaded  with  different  types  of  bulk  explosive,  such  as  heavy  ANFO  and  cartridge 
explosives.  The  explosives  are  produced  at  the  point  of  use  with  mobile  equipment.  The 
measurements  of  the  velocity  of  detonation  (VOD)  involved  bore  holes  with  different 
diameters.  On  this  basis  the  interdependence  of  the  VOD  and  the  bore-hole  diameter 
was  determined.  The  VOD  measurements,  with  different  blasting  parameters,  can  be 
used  for  the  selection  of  the  best  explosives  to  be  produced  at  the  site,  taking  into 
account  the  geological  characteristics  of  the  blasting  rock. 

Keywords:  VOD,  measurement,  explosives 


1.  INTRODUCTION 

A  study  of  the  characteristics  of  heavy  ANFO  and  cartridge-powder  explosives  under 
real  conditions  was  undertaken  at  the  Cmi  Kal  quarry.  The  explosives  were  made  at  the  point 
of  use  by  a  mobile  unit  from  the  Minervo  company.  The  explosives'  velocity  of  detonation 
was  measured  using  the  continuous  method  and  a  Mrel  Minitrap  instalment. 

The  mobile  unit  for  the  production  of  explosives  at  the  point  of  use  can  make  different 
sorts  of  explosives,  depending  on  the  requirements,  with  different  individual  components 
included  in  the  final  explosive  product.  The  explosive  products  vary  from  ANFO,  reinforced 
ANFO  (reinforced  with  up  to  30%  emulsion),  emulsion  explosive  with  70%  emulsion,  to 
pure  emulsion  explosive. 

The  advantage  of  this  method  is  in  the  way  the  material  is  transported  to  the  point  of  use 
(quarry,  road,  railway,  etc):  no  explosives  are  transported,  only  the  individual  unexplosive 
components.  Defining  the  correct  proportions  of  the  individual  components  is  caicial  when 
blasting  walls  with  different  geological  characteristics  that  require  different  types  of 
engineering  work.  MINERVO  d.d.  Ljubljana  is  the  first  company  using  a  mobile  unit  for  the 
production  of  such  types  of  explosive  in  Slovenia  as  well  as  in  Central  Europe. 
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2. 


THE  USE  OF  DIFFERENT  EXPLOSIVES 


2.1  Ammonium-nitrate  explosives 

Ammonium-nitrate  explosives  are  mixtures  of  ammonium  nitrate  (oxidant)  and  carriers 
of  carbon  that  can  bum.  In  the  past,  different  fuels  were  used,  such  as  sawdust,  oils,  coal 
dust,  etc.  Sensitizers,  such  as  TNT,  were  added  to  them,  and  sometimes  aluminium  powder 
was  also  added  to  increase  the  power.  A  detonator  (cap-sensitive)  is  normally  sufficient  to 
fire  these  mixtures.  Some  of  these  explosives,  also  called  powder  explosives,  are  less 
sensitive  (non-cap-sensitive)  and  require  a  stronger  initial  charge  (booster).  Powder 
explosives  are  made  into  charges  and,  due  to  their  sensitivity,  special  security  measures  must 
be  taken  during  their  transport  and  storage.  Because  they  are  not  water-resistant,  problems 
can  occur  during  the  blasting  process.  However,  their  water-resistance  can  be  improved  a 
little  by  adding  hydrophobic  substances  (e.g.  calcium  stearin). 

2.2  ANFO  and  reinforced-ANFO  explosives 

ANFO  explosives  are  a  mixture  of  94-94.5%  ammonium  nitrate  and  5.5-6%  diesel  oil. 
Since  the  1970s  they  have  been  used  on  a  large  scale  for  surface  excavating,  in  quarries,  and 
for  other  excavating  work.  The  advantages  of  these  explosives  are  their  ease  of  use,  the 
possibility  to  prepare  them  at  the  point  of  use  and  the  fact  that  they  can  be  machine  loaded 
into  bore  holes.  ANFO  explosives  can  be  made  into  charges  of  different  diameters  and 
weights,  but  they  are  rarely  used  in  this  form  because  it  would  not  be  economic.  More  often 
these  explosives  are  used  in  bags  of  25-30  kg,  but  the  most  common  and  economic  method 
of  use  is  the  machine,  pneumatic  mode  using  a  spiral-containing  homogeniser.  The 
advantages  of  this  method  are  lower  energy  costs,  safety  at  work,  machine  loading  of  bore 
holes  and  the  complete  filling  of  the  bore  holes  resulting  in  a  larger  force.  The  complete 
filling  of  bore  holes  reduces  the  need  for  other  means  of  initiation,  as  well  as  sparing  the 
whole  working  area.  Reinforced-ANFO  explosives  can  be  reinforced  with  various 
supplements,  the  most  common  being  emulsion  explosives  in  various  proportions. 

2.3  Emulsion  explosives 

Emulsion  explosives  are  the  most  modem  commercial  explosives.  They  are,  in  effect,  a 
reversed  version  of  slurry  explosives.  In  the  case  of  slurry  explosives  the  fuel  is  dispersed  in 
a  water  solution  of  ammonium  nitrate,  while  in  the  case  of  emulsion  explosives  small  drops 
of  water  solution  of  ammonium  nitrate  are  dispersed  in  the  fuel.  Either  a  saturated  solution  or 
a  cooled  liquid  of  ammonium  nitrate  can  be  used.  The  fuel  is  usually  diesel  oil,  but  it  can 
also  be  mineral  oil,  wax,  etc.  The  fuel  has  a  large  contact  surface  with  the  oxidant 
(ammonium  nitrate).  In  contrast  to  other  explosives,  emulsion  explosives  do  not  need  high- 
explosive  sensitizers  for  their  detonation.  Micro  gas  bubbles  are  added  to  the  emulsion.  The 
ignition  of  the  initiating  explosive  causes  the  compression  of  the  gas  bubbles  and  a  high 
temperature,  which  leads  to  the  explosion  of  the  emulsion.  The  density  of  the  emulsion  can 
be  regulated  with  the  quantity  of  added  gas  bubbles.  The  force  of  the  explosion  can  be 
regulated  with  the  quantity  and  type  of  fuel  used.  The  drops  of  ammonium  nitrate  are 
completely  surrounded  with  the  fuel  and  for  this  reason  the  emulsion  is  water-resistant.  In 
terms  of  handling  and  storing,  emulsion  explosives  are  very  safe  because  they  need  a  strong 
initiating  explosion  to  detonate  them.  They  can  be  used  in  the  temperature  range  between  - 
20°  and  +35°C.  Emulsion  explosives  can  be  directly  loaded  into  the  bore  holes,  made  into 
charges  of  different  dimensions,  or  mixed  with  ANFO  explosive. 


718 


3.  GEOLOGICAL  CHARACTERISTICS  OF  THE  CRNI  KAL  QUARRY 

The  geology  of  the  Crni  Kal  quarry  is  relatively  simple.  The  flysch  base,  covered  with 
alveous  and  nummulitic  limestone,  mainly  consists  of  gray-red,  or  yellow-red,  partly 
limonitized  marl,  marly  clay,  and  only  occasionally  sandstone.  The  contact  is  folded,  and 
this  folding  is  a  consequence  of  the  techtonic  mixing  of  the  old  Paleocene  limestone  with  the 
younger,  upper  Eocene  flysch.  The  alveous  and  nummulitic  limestone  covering  the  flysch  is 
dense,  hard,  pure  and  contains  a  lot  of  fossil  remains.  Petrographic  analyses  have  shown  that 
the  limestone  aggregates  contain  no  bad  grains:  the  limestone  is  pure  and  contains  less  than 
1%  dolomite.  Crevices  are  found  on  the  surface,  and  they  are  mainly  parallel.  The  crevices 
usually  run  from  north-west  to  south-east.  The  surface  is  of  a  typical  Karst  structure  showing 
various  Karst  characteristics.  No  source  of  water  is  to  be  found  in  the  quarry  area. 

4.  COMPARISON  OF  POWDER-EXPLOSIVE  CHARGES 
AND  HEAVY  ANFO  EXPLOSIVES 

4.1  Parameters  for  blasting  with  powder-  explosives  charges-amonal 

The  parameters  of  boring  and  blasting  (the  number  of  bore  holes,  the  angle  of  boring,  the 
space  between  the  bore  holes,  the  line  of  least  resistance)  for  blasting  with  the  charges 
explosive  amonal  are  as  follows: 


line  of  least  resistance  (w)  3,8  m 

space  between  the  bore  holes  (a)  3,5  m 

diameter  of  a  bore  hole  76  mm 

length  of  the  tap  of  a  vertical  bore  hole  3.3  m 
length  of  the  tap  of  a  horizontal  bore  hole  2.2  m 
height  of  a  level  17.5m 

angle  of  boring  75° 

number  of  bore  holes  (n)  38 

length  of  vertical  bore  holes  (v)  17  m 

length  of  horizontal  bore  holes  (dh)  4,5  m 

length  of  all  bore  holes  817m 

q 

volume  of  excavated  wall  (v)  8620  m 

q 

specific  use  of  explosive  /m3  0.277kg/m 

q 

effect  of  a  bore  hole  meter  10,55  m  / m 

loading  per  meter  of  a  vertical  bore  hole  3,29  kg 


total  amount  for  vertical  bore  holes:  2 128  kg 

horizontal  bore  holes  :  38  x  7  kg  of  amonal  =266  kg 

total  amount :  2394  kg 
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4.2  Parameters  for  blasting  with  heavy  ANFO  explosives 

The  parameters  of  boring  and  blasting  (the  number  of  bore  holes,  the  angle  of  boring,  the 
space  between  the  bore  holes,  the  line  of  least  resistance)  for  blasting  with  the  heavy  ANFO 


explosive  are  as  follows: 

line  of  least  resistance  (w)  3,8  m 

space  between  the  bore  holes  (a)  3,5  m 

diameter  of  a  bore  hole  76  mm 

length  of  the  tap  of  a  vertical  bore  hole  3.3  m 

length  of  the  tap  of  a  horizontal  bore  hole  2.2  m 

height  of  a  level  17.5m 

angle  of  boring  75° 

number  of  bore  holes  (n)  38 

length  of  vertical  bore  holes  (v)  17  m 

length  of  horizontal  bore  holes  (dh)  4,5  m 

length  of  all  bore  holes  817m 

'j 

volume  of  excavated  wall  (v)  8620  m 

specific  use  of  explosive  m3  0.299  kg/m 

effect  of  a  bore  hole  meter  10,55  m  /m 

loading  per  meter  of  a  vertical  bore  hole  3,47  kg 


total  amount  for  vertical  bore  holes: 
horizontal  bore  holes  : 

total  amount : 


2128  kg 

304  kg  of  heavy  ANFO 

and  38  x  1  kg  of  amonal  =  342  kg 

2584  kg 


4.3  Used  explosives  and  parameters: 

The  overall  amount  of  explosive  used  for  blasting  with  the  explosive  charges  amonal  - 
was  2394  kg,  while  the  amount  used  for  blasting  with  the  heavy  ANFO  explosive  was  2584 
kg,  consisting  of  2546  kg  of  heavy  ANFO  and  38  kg  of  amonal. 

The  amount  of  explosive  required  for  blasting  with  the  heavy  ANFO  increases  by  7,9  % 
if  we  take  into  account  the  use  per  bore-hole  meter. 

In  both  cases  the  blasting  was  successful. 

5.  IN-SITU  MEASUREMENTS  OF  THE  VELOCITY  OF  DETONATION 
(VOD)  WITH  THE  MREL  INSTRUMENT 

5.1  Testing  of  explosives  in  blastholes 

-  Measure  the  continuous  VOD  in  any  hole  diameter,  wet  or  dry  holes,  and  in  any 
type  of  rock. 

-  Measure  the  continuous  VOD  in  multiple  holes  per  blast. 

-  Determine  whether  full  detonation,  low  order  detonation  or  failure  occurred,  and 
where  in  the  explosive  column  it  happened. 

-  Check  VOD  against  manufacturer's  specifications  in  full  scale  blasting 
environments. 
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-  Determine  the  minimum  booster  size  for  any  explosive  by  measuring  run-up 
velocities  in  full  scale  blasting  environments. 

-  Measure  the  timing  accuracy  of  detonators  in  full  scale  blasting  environments. 

-  Measure  the  effects  of  water,  drill  cutings,  and  rocks,  etc.  trapped  within  the 
explosive  mass. 

-  Determine  the  length  of  explosive  column  to  use  in  decking  operations  to 
evaluate  the  effect  of  stemming  and  drill  cutting  dilution,  water  pick-up,  etc.  on 
the  explosive  run-up  requirements. 

-  Determine  the  correct  length  and  type  of  stemming  material  to  be  used  between 
decks  of  explosives  to  prevent  sympathetic  detonation  of  explosive 
desensitization  from  occuring. 


5.2  Results  of  measurements 

5.2.1.  Comparison  of  blasting  with  charges  explosive  amonal 


and  heavy  ANFO  explosives. 


Measurements  of  the  detonation  velocity  of  powder-  explosives  charges-amonal 


54,00  54,25  54,50  54,75  55,00  55,25  55,50  55,75  56,00 

Time  (ms) 


Fig  1.  VOD  powder-  explosives  charges-amonal 
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Measurements  of  the  detonation  velocity  of  heavy  ANFO  explosives 

The  results  of  the  measurements  of  the  detonation  velocity  of  heavy  ANFO  explosives 
are  shown  in  figure  2. 


MicroTrap  VOD  Data 


Fig  2.  VOD  heavy  anfo,  10  %emulsion 


6.  THE  MEASUREMENTS  OF  THE  SEISMIC  EFFECTS 
OF  BLASTING 

Seismic  measurements  were  carried  out  with  the  Nomis  Seismographs  instrument.  The 
measuring  location  was  about  400  m  from  the  blasting  point.  The  measuring  location  was  at 
the  quarry  shelter.  The  results  of  the  measurements  relating  to  the  ANFO  and  heavy 
explosives  are  shown  in  table  1 . 


Table  1.  Results  of  the  measurements 


measur. 

hole 

explos. 

steaming 

akustic. 

radial 

vertical. 

transver. 

vector 

no. 

deph 

charge 

comp 

comp. 

comp. 

comp. 

sum 

[m] 

[kg] 

[m] 

[dB] 

[mm/s] 

[mm/s] 

[mm/s] 

[mm/s] 

1 

17,0 

56 

3,3 

117 

3,17 

2,28 

1,77 

3,67 

2 

17,0 

59 

3,3 

116 

2,15 

0,63 

2,66 

3,35 

111 


7. 


CONCLUSIONS 


In  the  Cmi  Kal  limestone  quarry,  various  types  of  explosives  were  used:  plastic, 
gelignite  and  powder  explosives.  As  both  the  explosives  and  the  techniques  for  their  use 
have  developed,  so  have  the  modes  and  parameters  of  blasting,  which  means  that  today 
explosives  that  can  be  made  at  the  point  of  use  represent  a  significant  improvement  with 
regard  to  safety  at  work  and  economics. The  mobile  unit  can  make  different  types  of 
explosives  with  different  individual  components  included  in  the  final  explosive  products. 
These  products  vary  from  ANFO,  reinforced  ANFO  (reinforced  with  up  to  30%  emulsion), 
emulsion  explosive  with  70%  emulsion,  to  pure  emulsion  explosive.  Monitoring  the 
parameters  of  boring  and  blasting,  the  handling  of  excavated  wall  mass  from  loading  to 
crushing,  and  the  measurements  of  detonation  velocity  for  different  explosives  enabled  us  to 
define  the  optimum  parameters  and  the  most  efficient  type  of  explosive.  The  measurement 
results  of  the  detonation  velocity  confirmed  that  we  had  selected  the  most  appropriate 
explosive.  In  addition,  these  measurements  also  enabled  us  to  control  the  characteristics  and 
the  quality  of  the  explosives  made  at  the  point  of  use. From  the  result  of  measurements  VOD 
it  is  found  out  that  the  use  of  heavy  ANFO  in  blast  holes  under  76  mm  is  not  recommended. 

The  results  of  measuring  the  seismic  effects  of  the  blasting  proved  that  seismic  effects 
on  the  sites  remained  within  the  strictest  standards  and  criteria.  All  the  above-mentioned 
facts  and  results  enabled  us  to  conclude  that  the  use  of  heavy  ANFO  explosives  is  the  best 
solution  for  the  boring  and  blasting  work  carried  out  in  the  Cmi  Kal  quarry. 
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